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Abstract 


A Schaevitz pressure transducer P476-Al0 was 
selected for use with Webb Institute Towing Tank 
models in making pressure and velocity surveys. 

The instrumentation of this transducer included 

a 14 watt variable frequency power supply, a 1000 
cycle filter, a cathode-ray oscilloscope, and a 
transducer output amplifier as an optional compo- 
nent. 

By means of reading the amplitude change of 
the output wave forms on the cathode-ray oscilloscope 
it was possible to obtain pressure resolutions con- 
siderably better en ~Og inches water. 

The system containing this transducer should 
prove useful for conducting pressure and boundary 
layer surveys on four foot model hulls as well as for 
many other possible projects involving hydrodynamic 


studies. 
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section I - Introduction 

Background ~ The principles by which the results of 
ship model testing are expanded to the pertormance 
characteristics of a full size vessel were originated 
by William Froude in the late nineteenth Ventury. 
After many ensuing years of ship model testing, the 
art remains essentially an art and not yet fully a 
science. The fact that many successful predictions 
have been mace for conventional hulls is principally 
the result of refinement in technique and the develop- 
ment through experience of various allowances and fac-~ 
tors. 

The expansion nethod used by model towing tank 
personnel in William Froude's time, as well as that 
of our own, assumes that the resistance of all bodies 
traveling in a fluid or fluids can be treated as if 
it were composed of two basic components, frictional 
and residual. With respect to the so-called frictional 
components of ship and model resistances, it is further 
assumed that the magnitude of frictional resistance 
of each hull is related in some manner to that of an 
"equivalent plank" of the same hull wetted surface 
area and "characteristic length" passing through the 
same fluids as the hull without causing waves or tur- 
bulence. All of the total resistance that does not 
appear in the equivalent plank friction resistance is 
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said to be residual (or better, non-frictional) resis- 
tance, the derived coefficient of which is regarded as 
comuon to both model and ship. 

this expansion method when used with allowances 
and factors derived from experience has been found to 
give reasonably good predictions of full size ship effec- 
tive horsepower requirements. It is, however, simply a 
procedure that was readily adaptable to the scientific 
instrumentation available during the late 1800's; the 
need for experience factors suggests the probability of 
poor predictions for unconventional hull designs. 

The concept of the equivalent plank, though quite 
useful as a tool for making expansions, is neither in- 
tended nor is it expected to give exact values of fric- 
tional resistance. First of all, the profile of a plate 
towed through the water is very unlikely to be the same 
as that of a hull, so it would be quite difficult to 
ascertain without considerable accurate resistance test 
data for the shapes concerned what dimension could be 
regarded as truly characteristic. Finally, it should 
be noted that planks are essentially two dimensional 
shapes whereas ship and model hulls are definitely three 
dimensional shapes. At corresponding points along the 
lengths of these two wetted surfaces, there is a proba- 
bility - almost a certainty - that there will be dis- 


similarities in the boundary layer or region within 
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which the fluid velocities are affected by boundary 
shear. This boundary shear, or viscous shear, pre- 
sents itself in the form of frictional drag. 

With the spectacular development of the scien- 
tific instrumentation and electronics industries, par- 
ticularly within the past two decades, it should now be 
possible to obtain greater knowledge of component resis- 
tances with regard both to their :iechanisms and to their 
true magnitudes. Increased understanding of the subject 
of vessel resistance, of course, reduces dependence upon 
allowances and experience factors and increases the like 
lihood of obtaining good predictions for the more uncon- 
ventionally shaped vessels. 

The component ali mecichs (equivalent plank fric- 
tional resistance and resiaual resistance) chosen by 
Froude, though useful for making predictions, are not 
physically discrete nor are they amenable to detailed 
studies with respect to their mechanisms or magnitudes. 
Totel hull resistance, however, may also be divided into 
that portion existing as pressure forces normal to and 
those forces tangential to the hull.+ Pressures normal 
to the hull can be read at various points by means of a 
pressure measuring device and the readings integrated 
over the wettea surfsece to obtain hull resistance due 
to wavemaking and separation. Tangential forces, on 
the other hand, are a manifestation of the forementioned 


friction-producing boundary shear. While the fluid 
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velocities within a boundary layer may be either laminar 
or turbulent in nature, it should be possible to study 
the velocities (from free stream velocity at the edge of 
the boundary layer to a postulated zero velocity at the 
hull) by means of a Pitot tube, a pressure measuring 
device and pernoulli'ts Theorem. The systematic series 
of normal pressure measurements and boundary layer velo- 
city may be regarded, respectively, as pressure surveys 
and boundary layer surveys. 

With regard to the practical application of these 
surveys, it should be noted that the results of a single 
survey need not be limited in use to the study of one 
resistance component. Take, for example, the case of 
@ moving non-wavemaking submerged body. A knowledge of 
the total resistance of the submerred body and the 
results of a pressure survey will be useful for the 
following purposes: 

1. In the absence of wavemaking or induced drag 

(assuming no lift), an integration of pressure 

measurements should give the magnitude of separa- 

tion resistance. 

2. A deduction of a computed magnitude of separa- 

tion resistance from a measured total resistance 

can then be regarded as the magnitude of fric- 
tional resistance. 

3. The region of separation can be studied with 

respect to its point of inception (or separation 

point) and to the frequency of sheddings. 


In order to investigate the various components of 


total resistance, particularly with regard to that caused 
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by separation, it has been planned to make use of Webb 
Towing Tank models for pressure and possibly for velo- 
city surveys. There are a number of means by which 
pressures can be read. On full size ships and on large 
models pressures are normally obtained by means of manonm- 
eters and by electrical transducers of moderate sensi- 
tivity. Webb Towing Tank models, however, are quite 
small (about four feet long in contrast, for example, 

to the 20 foot models normally used at the David Taylor 
model Basin) and the use of manometers or standing tubes 
is likely to be impractical for a number of reasons; 


l. Previous experience with manometers has shown 
that a considerable amount of trevel through the 
water may be required before a eye down" of 
the liquid in the.coiunn is realized. The Webb 
Towing Tank is quite short, about 93 feet overall 
including dock, and a requirement for repeated runs 
is: almost a certainty. 

2. in order to avoid surface tension errors, good 
practice dictates that the minimum inside diameter 
of a U-tube manometer be # inch (4 inch for stand- 
pipes).3 This sets a practical limit on the com- 
pactness of the installation unless one is willing 
to apply corrections for capillary action or sur- 
face tension. 


3. As a manometer cannot be read while it is under- 
way, it is not possible to obtain and study any 
pressure variations that may be encountered, par- 
ticularly around the stern where separation occurs. 
L. The tubing assembly may not be compatible with 
regard to shape and desired location with the physi- 
cal shape of the void within the model. 

Our apparent discarding of the idea of possibly using 

manometers, therefore, leads us to the objective of this 


thesis project. 





Objective - At modest expense to Webb Institute, it was 
desired to select, instrument, and test a liquid pres- 
sure measuring device useful for making pressure and 
velocity surveys about the wetted surface of a Webb 
Towing Tank model. Included in this thesis project is 
the determination of requirements, an industry-wide 
study of available devices or systems, a study into the 
possibility of designing an installation to suit our ob- 
jectives wherever theoretical design criteria are avail- 
able, instrumentation of the device if necessary, and 
the installation of the device or system and testing 
with a pitot tube. 

The preceding background discussion indicated that 
a sensitive pressure measuring device or system would be 
useful in studying both the separation and frictional 
resistances of a moving submerged vessel. Needless to 
say there are many other studies in which the desired 
device would be useful. Among these additional studies 
are 

lL. Wake surveys, 


2. Karman Vortex frequency studies about bodies of 
various shapes, and 


3. Pitot tube studies, particularly with respect to 


the establishment of the most desirable location of the 
static openings. 


-6< 





Section II 
Selection of the Transducer 

In the previous section it was stated that we 
wished to obtain and instrument a very sensitive water 
pressure measuring device at modest expense to Webb 
Institute. It was presumed that the selected device 
would initially have to convert pressure to some elec- 
trical quantity for the following reasons: 

1. It was anticipated that very high sensitivity 

would be required for a device used in the Webb 

Towing Tank models and it was likely that con- 

siderable amplification would be necessary. 

2. The model with which the device was to be used 

would be moving and it was desired to be able to 


make precise readings of the results at a remote 
location. 


Any device capable of converting energy or an energy 
state of one form into energy or energy state of a 
different form can be regarded as a transducer. In this 
thesis, the unmodified words transducer and instrument 
shail both be regarded as a device that exhibits a 
measureable electrical characteristic such as induced 
voltage, resistance or reactance for a given pressure 
input. 


The complete assembly of a transducer, its power 


supply and instrumentation shall be regarded as the trans- 





ducer system or system. The power supply provides a 


source of electric current on which the transducer may 


exhibit its resistance or reactance or by which the trans- 
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ducer can exhibit an induced output voltage. The unit 
or assembly that receives directly from the transducer 
an electrical output and measures the electrical charace- 
teristic (resistance, reactance or voltage) exhibited by 
the transducer is the instrumentation. Usually the 
final (and sometimes the only) unit of the instrumen- 
tation is the indicator which offers visual measurements. 
After consideration of a large number of transdu- 
cers, a system employing a Schaevitz Linear Variable 
vifferential Transformer (LVDT) Transducer was finally 
selected for use in Webb Towing Tank experiments. ‘the 
process of selecting a transducer from among the many 
commercially available was accomplished by the following: 


1. The establishment of the requirements for a 
useful transducer system, and 


2. A study of each transducer design and associated 
instrumentation and an evaluation of each system 
with respect to its ability to fulfill the estab- 
lished requirements. 

There were a number of basic requirements, of course, 
which had to be considered in the selection of a pressure 
measuring device or system, regardless of the type. 

Among these very basic considerations were the following: 

1. The desired sensitivity, 


2. The full seale pressure or range of pressures 
to be measured, and 


3. the type of fluid the pressure of which was to 
be measured. 


sensitivity, OF course, may be defined as the magnitude 
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of output change exhibited by a system or component for 
a given input change. Almost all transducer instrumen- 
tation assemblies can be constructed to provide some 
means whereby system sensitivity could be controlled 
by the operator within certain limits. An increase of 
sensitivity, however, is almost always accompanied by 

a reduction of the useful system operating range, the 
second of these three considerations. ‘This is a tru- 
ism which applies to almost all scientific instrumen- 
tation and it forces the operator to establish the com- 
promise between sensitivity and operating range best 
suited to his situation. With regard to the type of 
fluid to be handled, all of the transducers considered 
were capable of working with the head of at least one 
non-corrosive liquid. 

Ulosely associated with the concept of sensitivity 
is that of resolution or the magnitude of the smallest 
change of input that can be detected and measured accu- 
rately. Whenever this magnitude is exceeded by that of 
the apparent error’ of an indicator reading, however, this 
apparent error will be regarded in this thesis as the 
resolution of the system. A prime requirement of good 
resolution is good sensitivity, but good sensitivity does 
not always insure: good resolution. 

Possible limitations on vasolution as: envisioned by 


the authors were repeatability, hysteresis and step reso- 
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lution. Repeatability is the random difference exvressed 
as a percentage of full scale between any single output at 
any specified input from the average of ali outputs ob- 
tained from repeated tests for the same value of input. 
Any change of output after the input has undergone a full 
cycle or "loop" of any wave shape is hysteresis. Hyster- 
esis is normally expressed as a percentage of twice the 
amplitude of the cycle, the mean value of input lying any- 
where within the working range. A plot of output versus 
input showing small horizontal and vertical steps is charac- 
teristic of instruments having step resolution and in mag- 
nitude this limitation also expressed as a percentage of 
the full scale advertized by the manufacturer. Instru- 
ments having continuous calibration plots on the other 
hand are said to have stepless or infinite resolution. 

The question of resolution was the most important 
consideration in tne selection oi: a useful transducer. 
In his tests conducted with manometers on an eight foot 
moael, Hogben claimed u resolution of plus or minus .005 
inches water.? His paper also presented tables of pres- 
sure changes at various points at speed-lenrth retios of 
8 to l,l. Eggert, on the other hand, did not state the 
resolution he obtained with the manometers used with his 
twenty foot models, but his papers presented contours of 
pressure changes at intervals of .1 inches water to .5 


inches water.0r/ (Figure II-1 reproduces the contours 
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Fig.II-l. Contours of 
Change of Pressure, 
model Length 20!, speed 
4 knots. (Reproduced 
from Eggert,E.F., 
"Form Resistance Ex~ 
periments," Trans. 
SNAME, 1935, p 140, 
Fig.l) 





Fig.Ii-2. Reproduc- 
tion of curves drawn 
for a comparison of 
pressure changes vs. 
speed-length ratio 
for two models. 





Table II - l 


Comparison of Results ~ Pressure Surveys 


model Speed- Maximum pressure 
length Length changes (in.H 0) 
(Z4N.L. } Ratio Increase* Decrease* 
Eggert 20° Pa 34D ~-1.3 
1.00 a0 ~1.0 
Hogben 6t.1" ee ge) 1.78 - 960 
EUG 1.50 @~./20 


*{iaximums for Eggert model were interpolated between 
speed-length rutios of 1.12, 1.03 and .9kL. 
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of Eggert's twenty foot model proceeding at a speed- 
length ratio of .895.) Making use of plots such as 
that reproduced in Figure IJI-2 it was concluded that a 
desired interval between contours of .1 inches or at 
most .e2 inches water should be adequate for the con- 
tours of a four foot model. Furthermore, it was decided 
that the plotting of contours of reasonable accuracy 
would require a pressure resolution of .03 inches water 
though .02 inches resolution would be highly preferred. 

In view of the fact that resolution and operating 
range are interrelated quantities, a comparison of maxi- 
mun pressure changes were also made and the results ex- 
trapolated to the four foot model. Table II-l presents 
a comparison of the maximum pressure changes for these 
dissinvilar models of different lengths at speed-length 
ratios of 1.00 and 1.10. For a four foot surface model 
underway at speed-lenpth ratio of 1.00 it appeared that 
an operating range of one inch water increase and .5 
inches water decrease would be sufficient in this one 
particular case. We were, of course, concerned only with 
orders of magnitude. 

With regard to the prospect of having to use the 
system for boundary layer surveys, we made additional 
analyses concerning resolution and operating range. The 


head of a free stream velocity of .845 feet per second 


(corresponding to vV//T of .25) ais 
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h= ~ =.1866V7=. 1866 ( 845)*=./332 in HO 


where V is fluid velocity (feet per second) 

h is velocity head (inches of fluid flowing) and 

g is gravitational acceleration, 32.15 feet per 

second squared. 

An error of .03 inches representing the minimum resolu- 
tion requirement we assigned to the transducer would 
have resulted in an indication of .1032 or .1632 inches 
water. The former figure represented a velocity of .744 


feet per second or an error of 


(645.744) 54 = /2%o 


free stream velocity. ‘The latter tigure represented a 


velocity of .935 feet per second or an error of 


(.935 -. E45)/ 3 = 11%, 


free stream velocity. In view of the fact that velo- 
cities in a velocity survey would be extrapolated to 
zero at the hull, a velocity resolution of twelve per- 
cent free stream velocity was regurded as quite adequate. 
most model velocity surveys, however, would be conducted 
at higher speed-length ratios than .25 and similar cal- 
culations for higher model speeds revealed considerable 
improvements in velocity resolution at the increased 
speeds. 

The required operating range of the instrument ite 
self was, of course, determined by the head of the highest 
free stream velocity expected. Ata v// of 2.00 for 


the four foot model (corresponding to a speed of 6.756 
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feet per second) the free stream velocity head was &.53 
inches, well within the operating range of all but a few 
of the transducers studied. Again, the adjustment of 
instrumentation settings for an increase of sensitivity 
and improvement of resolution, however, might reduce the 
system operating range to exclude a part of the full ex- 
tent of an expected pressure change. further discussion 
of this matter is best delayed until the questions of in 
strumentation and indicators have been discussed. 

In order that the most suitable transducer and 
associated instrumentation be obtained for our desired 
pressure measuring system, a number of aspects in addi- 
tion to resolution and operating range had to be con-= 
sidered. With regard to the transducer and to its in- 
strumentation we considered linearity, ability to follow 
low frequency pressure variations, ability to measure 
liquid pressure differences, dependability and rugged- 
ness of the transducer, simplicity and dependability of 
instrumentation, and finally the question of costs. 

Linearity, the first of these additional consider- 
ations, is the: maximum diversion of a calibration curve 
from the "best-fit" straight line connection of the.end 
points of a specified range. In evaluating this charac- 
teristic, the maximum diversion is usually expressed as 
a percentage of the difference between the output mag- 


nitudes represented by the end points of the range, one 
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of which is usually the origin or no-load point. 

The desirability of good linearity is quite evi- 
dent. In view of the fact that any transducer system 
constructed for the Webb Tank would have to be cali- 
breted prior to initial use (and possibly on various 
occasions thereafter), a knowledge that a transducer has 
good linear output characteristics would reduce consider-~ 
ably the work of calibration. Most transducers, how- 
ever, have adequate linearity for our purposes. 

While it was not anticipated that the desired sys- 
tem would be used for measuring high frequency pressure 
pulsations, it was decided that the desired system should 
be useful for the determination of Kdrman vortex shedding 
frequencies, either from a cylinder or from the stern of 
a model. These very low frequency pressure variations 
one might want to record, so for our system it was concluded 
that faithfulness of reproduction for low frequencies is 
highly desirable. The magnitudes of these frequencies 
vary widely with the size and shape of object as well as 
the magnitude of free stream velocity, but it was decided 
that the system should be capable of following frequencies 
of eight cycles per second and below. It was unlikely 
that we would have encountered any transducer that lacked 
the response required to reproduce frequencies within this 
range of low frequencies, but there were several types of 


instrumentation, particularly those that involved manual 
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bridge matching, with which non-repetitive pressure 
variations could have been studied only with consider- 
able difficulty. Unless the System under discussion is 
likely to use instrumentation limiting the ability of 
the system to follow or to study low frequency pres- 
Sure variations, however, no further mention will be 
made of this matter. 

Before proceeding, a few additional definitions 
might now be appropriate. In most transducers the con- 
version of a pressure change to a linear displacement 
is accomplished by means of a diaphragm. Three examples 
of diaphragms are flat plates, bellows, and pressure cap- 
sules. A pressure capsule consists of two cireular 
plates or disks having senGeneric corrugations welded 
or soldered to each other around the circumference. A 
difference of pressures exerted upon the two surfaces of 
any diaphragm will be regarded as a net pressure. 

Earlier in this thesis it was noted that system 
range is very likely to be restricted for the sake-of . 
desired increase of sensitivity and improvement of reso- 
lution. As the linear displacement of a diaphragm is 
always determined by the net pressure, it is still possible 
to have measured a pressure outside of a particular range 
by placing on the opposite side of the diaphragm or 
reverse face a known controlled pressure. Proper control 


of this backup or reference pressure could then bring the 
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net pressure back to some point within the operating 
range established by settings on the instrumentation. 

In some instances, moreover, this backup pressure may 
also be employed to provide compensation for a pres- 

gure or suction on the opposite surface of the diaphragn, 
or pressure face, that would have normally damaged the 
transducer. Those assemblies designed to provide a 
liquid reference pressure on the reverse face are regarded 
as liquid reference pressure systems, and likewise, those 
that exert a gas reference pressure are termed fas refer~ 
ence pressure systems. 

It was learned by the authors through considerable 
practical experience that a liquid reference pressure 
system would be highly preferrea to the gas reference 
system. From this it may be inferred that the transdu-— 
cer selected for the system should be capable of measuring 
the net pressure of two liquids. Figures II-3 and II-4 
illustrate and the accompanying captions describe the 
Operation of a sample design of each of these two refer- 
ence systems. It is quite evident from a study of these 
figures that mishandling (which the authors found could 
happen frequently) of any reference pressure assembly 
coula result in a liquid entering a region where it is 
not desired. for the trunsducer incapable of handling a 
liquid reference pressure medium, this region in which 


liguid is not desired would include the transducer ite 
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Figure II - 3. Gas Reference System 
(Combined with a pas calibration system) 


With valves 1, 3 ana 4 closed and valve 2 open 
the system functions strictly as a gas reference pres- 
sure system. The insulated gas chamber volume is very 
large in comparison with the remaining gas-filled sec- 
tions of the -system; thus once filled with a gas (such 
as nitrogen, which is relativeiy inert) under a given 
pressure the system tends to remain at a constant pres- 
sure above or below atmospheric pressure. Pressure 
fluctuations in the wiinsulated portions of this sys- 
tem, caused by ambient temperature changes, are damped 
out by the large volume of gas remaining at reasonavly 
constant temperature. 

with valve 2 closed and valves 1, 3 and 4 open the 
system acts as a gas calibration system. The bellows 
provides a pressure change, and the measurement of the 
change is accomplished through the use of a water manom- 
eter which can be slanted for greater accuracy. 

The mercury manometer is used in both the reference 
and calibration system only if the pressure acting on 
the pressure face of the transducer pressure element 
is subject to atmospheric pressure changes. 


La 
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Figure II - 4 Liquid Reference System 
(Conbined with a liquid calibretion system) 


In the construction of such a system brack- 
ets A are a tight fit, and brackets p permit a 
Slidins fit. The clamp is secured firmly to the 
glass tube. ‘the threaded block is mountea on 
the same bucking as the brackets A and B. 

As the knob is turned, the shaft is ad- 
vanced through the block forcing the clamp and 
the left glass tubing up or down. In this man- 
ner the height of liquid in the left tubing is 
controlled and can be measured by the rule. 

The difference between the height of water in 
the left tube and the center line of the trans- 
ducer is the magnitude of the backup pressure. 
the above arrangement, of course, is suitable 
for a negative backup pressure. It can be made 
positive, however, by locating the transducer 
below the level of liquid in the left tubing. 
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self thus increasing the likelihood of damage to the 
transducer. Provisions may be made in the apparatus to 
reduce or eliminate this possible hazard by the use of 
reservoirs, drains, or water traps, or by avoiding the 
use of a liquid in the assembly. Allowing this liquid 
to drain or to collect in a reservoir, however, might 
effect the release of a backup pressure intended to 
prevent possible damage to the diaphragm on account of 
excessive pressure or suction on the pressure face. 
Reference systems, on the other hand, that use no liquid 
are difficult to control and monitor.? 
With regard to dependability and ruggedness, a 
good knowledge of basic construction details assisted 
us in making reasonable comparisons between designs. 
Among transducers of the same and different designs there 
were some additional criteria useful in helping to make an 
intelligent comparison: 
1. Many of these instruments were apparently in- 
tended for use in missiles and the specifications 
frequently indicated the number of accelerations 
of gravity the instrument could withstand with- 
out damage. 
2. Some manufacturers, usually through subsequent 
correspondence, indicated the maximum pressure 
the diaphragm could be expected to withstand with- 
out damage. 
A note of caution with respect to these criteria should 


be exercised. Among instruments of the same basic design 


there tended to be a wide range of figures regarding maxe 
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imum acceleration and pressure oefore damage while there 
appeared to be considerably less diversity among the aver- 
age of these figures offered for each of the different 
designs. It certainly appeared, therefore, that manu- 
facturers tended to apply their own criteria, particu- 
larly with regard to factors of safety, in: computing 

these specifications that primarily concerned ruggedness. 

While a detailed study of transducer instrumentation 
is likely to be very lenrthy - well over half of our 
efforts on this project were spent in studying or working 
with instrumentation - the establishment of requirements 
was quite easy. It was desired that the instrumentation 
be basically simple anu dependable; but it should also 
be stable {i.e., it should give steady visual indications 
for a constant transducer output), easy to operate and 
maintain, and inexpensive to procure. 

Past discussions have indicated that sensitivity 
(hence resolution) is controlled at the instrumentation 
assembly and that operating range is affected by this 
sensitivity setting. It is convenient to express this 
relationship as a ratio of useful operating range to the 
resolution or simply the range-resolution ratio. With 
the exception of those instrumentation assemblies which 
require manual matching in a bridge of a transducer out- 
put impedance, this ratio will be determined solely by 


the capabilities of the indicator. The values of the im- 


-2]~ 





pedances in the arms of the manually operated impedance 
bridge assembly, on the other hand, controls the range- 
resolution ratio for the system; it is probably the only 
type of instrumentation, therefore, that has a direct 
effect on this ratio. 

Little needs to be said concerning the question of 
system costs. While we wanted to economise, we still 
dpeirea that the transducer be useful for the antici- 
pated pressure and boundary layer surveys and for as many 
other projects as possible. 

In addition to choosing a type of instrument for 
use with our system it was also necessary to choose the 
manufacturer. Ag we had eventually mailed inquiries to 
over seventy manufacturers we found ourselves faced with 
a very wide choice of commercial products. The designs 
of the majority of these transducers had a feature or 
employed a principle that either prohibited the measure- 
ment of a static pressure or that limited the resolution 
of the system. Even among transducers of the same or of 
similar designs, however, it was soon noted that there 
was a wide divergence among capabilities and costs so it 
was not difficult to establish preferences between manu- 
facturers. We also interviewed users of instruments from 
two manufacturers (Dynamic Instruments Company and 
Schaevitz Engineering) and the information we received 


proved very useful. 
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The remainder of this section will be devoted to 
eight basic transducer designs ending with a detailed 
discussion of the chosen schaevitz transducer. In each 
of these discussions will be found a description of the 
construction and operation of the design, basic instru- 
mentation requirements, and an evaluation of the instru- 
ment with respect to the requirements which we have just 
discussed. It will be found that all of the designs con- 


sidered lacked at least one of the advantages of the 





Schaevitz transducer, but in spite ofl this clear choice, 
considerable effort was made to insure that no instru- 
ment, more: suitable than the schaevitz instrument could 
be obtained. (‘able II-2 summarizes the characteristics 
of the various transducer systems.) The eight basic 
designs are the following: 
l. Resistance 
2. Strain Gage 
3. Piezo-electric 
1. Variable Capacitance 
5. Variable Reluctance 
6. Pressure-sensitive Resin | 
7. Vibrating String 
8. Linear Variable Differential Transformer 
1. ‘the Resistance ‘transducer - This instrument presents 
to an input current a resistance which varies with pres- 
sure. ‘he diaphragm can be either a flat plate, a cap- 
sule, or a bellows; the part of the transducer that con- 
verts diaphragnu deflection to resistance can be one of 


several types of potentiometers, some of which are listed 
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TABLE II-2 Summary of Characteristics of Typical Transducer Systems (Part 1) 


Type of Transducer 


Resistance 


Wire-wound Poten- 
tiometer 


Carbon strip 
potentiometer 


Strain Gage 


Piezo-electric 


Variable Capacitance 


Variable Reluctance 


Linear Variable 


Does the system in 
use with the trans- 
ducer meet the reso- 
lution requirement 
of .03 in, water?(1) 


No 


(2) 


Yea(3) 
No(4) 
Yes 


(2) 


Differential Transformer Yes 


Pressure-—Sensitive 


Intermetallic Resin 


Vibrating String 


Yes - 


Output 
linear 
with ine 


put? (6) 


Yes 


Yes 


Yes 


No 


Yes 


Yes 


No 


System capable 
of following low 
frequency input 
fluctuations? 


Yes(5) 


Yesa(5) 


Yes 


Yes(5) 


Yes (5) 


Yes 


Yes 


No information available - unable to contact 
manufacturer 


(1) Exact figures not given as resolution depends upon the capabilities 


of the instrumentation for most systens. 


(2) Literature from manufacturer indicates possible ability to comply 
with the requirement but unable to obtain guarantee from manufac- 
turer or representative. 


(3) Amplification definitely required. 


(4) Does not measure static pressures, merits no further consideration. 


(5) Considerable difficulty may be encountered in this respect if manual 
bridge matching is used in instrumentation, 


(6) Deviation of 1% full range or less. 
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TABLE IJ-2 Summary of Characteristics of Typical Transducer Systems(Part 2) 


Measure Over-pressure Preferred 
Type of Transducer differential limitations Instrumen- Cost 
liquid before possible tation. (8) 
pressure? damage. (7) 
Resistance 
Wire-wound Poten- No 50%-500% A.C. or D.C. (T)$80up 
tiometer resistance 
Carbon strip Yes 20% A.C. or D.C. = (T) $315 
potentiometer resistance 
Strain Gage (9) 14, 900% A.C. or D.C. (T)$190up 
resistance(3 
Piezo-electric 
Variable Capacitance No 100%-900% A.C. (S)$800up 
capacitance 
Variable Reluctance Yes 100%-400% A.C. (S)$565up 
inductance 
Linear Variable Yes 100%-2500% A.C. (T)$210- 
Differential : voltage $275 
Transformer measuring 
Pressure-Sensitive No D.C. (T)$75 


Intermetallic Resin resistance 

Vibrating String No information available - unable to contact manufacturer 

(3) Amplification definitely required. 

(7) With respect to working range, above high end of working range. 

(8) Figures approximate, modifications may increase these figures con- 
siderably. 
ie Transducer with instrumentation and power supply 
(T) Transducer only 

(9) A Dow Silicone fluid can be used as an intermediate fluid between two 


water heads on many transducers of this type. Some recent designs are 
capable of handling non-corrosive liquids on both sides of the diaphragm. 
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below;:+% 


1. Rotary displacement potentiometer 
a. Flne resistance wire wound about a circue- 
dar hoon, or 
be Helical strip resistance element 
2. Linear displacement potentiometer 
a. Fine resistance wire wound about a straight 
Spool, or 
b. Uarbon strip 
The rotary displacement potentiometer pickup requires a 
linkage assembly between it and the diaphragm in order 
to convert linear motion into rotary motion. Unless 
linear displacement amplification is desired, a direct 
linkage between the diaphragm and the pickup of the 
linear displacement potentiometer will provide sufficient 
connection between the two. Those potentiometers which 
use fine resistance wire are commonly known as "wire- 
wound precision potentiometers." 
Unlike most transaucers studied, the resolution of 
a system using a resistance trunsducer will find its 
limitation in the transducer itself. Usually this reso- 
lution is about .3% of full scale pressure and the limi- 
tation is the result of either hysteresis, friction, back- 
lash, or step resolution. 
Friction is one limitation usually associated with 
resistance transducers; it can exist between th® sliding 
electrical pickup and the resistance element. Its presence 


can also be expected at all junction points of linkages. 


it appears reasonable, therefore, that a certain minimum 
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change olf pressure will be required before static fric- 
tion is overcome and a change of electrical resistance 
is observed. Backlash, of course, is churacteristic of 
linkages. If one desires low backlash and linkage fric- 
tion, he may have to sacrifice badly needed linear dis- 
placement amplification and avoid the use of 4 rotary 
potentiometer in the transducer. 

the fourth-named limitation, step resolution, is a 
characteristic peculiar to wire-wound votentiometers. 

Bach step in the calibration curve occurs when the elec-~ 
trical pickup slides over one additional wire. Use of 
small gage wire, of course, reduces the magnitude of this 
linitation. The smallest diameter wire usually used 
appears to be one mil. 

The vast majority of the resistance transducers 
available from over a dozen firms were variations of the 
wire-wound precision potentiometer type. On account of 
stepped resolution, none of these wire-wound potentiometer 
transducers were able to obtain pressure resolutions better 
than .16 inches water (compared with our minimum resolu- 
tion requirement of .03 inches water). The minimum oper-~ 
ating range of these transducers was O-2 psi (0-55.4 inches 
water). Une resistance transducer manufactured locally 
(Couputer instruments Corporation) used a carbon strip 
potentiometer having intinite resolution, and while the 


advertized resolution appeared to be two one-hundredths 
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inches water limited by repeatability, the manufacturer was 
unwilling to give us a suarantee regarding this resolution. 
As might be expected, the operating range of this transdu- 
cer was somewhat lower, 0 -.5 psi (0-15.85 incnes water.) 

With regard to the characteristics other than reso- 
lution and operating range, the first of these, linearity, 
is not one mormaliy associated with potentiometers ina 
circuit. in an effort to make the transducer linear and 
to improve system sensitivity, we found thst many manu- 
facturers would construct instruments with varying resiste 
ances in order to accouyx.odate the impedance matc: ing re- 
quirements of the customer's instrumentation. 

nost wire-vound potentioneter transaucers did not 
have an ability to meusure liquid prcssure differences, 
but with regard to depenuability and rugsedness the fig- 
ures concerning maximum pressure before damave varied 
widely. The carbon strip transducer, in contrast did 
have an ability to measure water pressure differences. 
The manufacturer indicated, however, that it could with- 
etand but .l psi (2.77 inches water) above full scale 
range before damage might possibly occur, a rather low 
margin of safety.tt 

Instrumentation of resist.nce transducers is not 
gifficult; either cirect or alternating current. instru- 
mentetion may be used. If the transoucer is used with 


direct current, the only component of the instrumenta- 
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tion used will be an ammeter or possibly a voltmeter. 
Another advantage of using airect current instrumenta- 
tion lies in the fact that direct current would be sub- 
ject to little voltage loss and to no atmospheric in- 
terferences in the lines between the moving transducer 
and stationary instrumentation.and power supply. Direct 
current instrumentation, on the other hand, reauires care- 
ful impedance matching for optimum linearity and sensgi- 
tivity between transducer and instrumentation thus some- 
what limiting the ability of the designer of the system 
to substitute different components in his instrumentation. 
In the event that an increase of sensitivity is desired, 
there woulc be the need for a direct current amplifier 
which is more costly than an alternating current ampli- 
fier. 

Substitution of alternating current instrumentation 
for direct current instrumentation represents a rossible 
exchange of advantages and disadvantages. While alter- 
nating current voltages with purely resistive loads are 
generally subject only to the same losses as direct cur- 
rent voltages, shielded cable between the moving, and 
stationary parts of the system should be used, particu- 
larly if low voltures or iow currents are involved. ‘this 
precaution is intended to prevent,spurious voltages from 
being induced in the ceble on account of nearby electro- 


magnetic distrubances such as power lines, transformers, 
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erecucicel inachinery, €tG@. Alternating current volt- 
azes, however, are easily auplified anu comporient im- 
pedance matching in alternating current circuitry is 
usueliy eccomplished with greeter ease tnen in direct 
Cueeere CircuLtry, 

Tne costs of Wire-nound precision potentisneter 
Ure aucers ere mocdemt, generally beiow $100. The 
GCarpon strip transducer, on the other anc, is priced 
Peete wach is close™to them co erice of tre Scharmitz 
Pireeurce:. Two ol tie wanulecturers of the wire-wound 


Pierson On potentloteter trance wecr were : 


Bours Lavoratories, Sic. Cee Leper uorics 
Riverside, 304 ulenwood Avenue 
California East Oringe, New Jersey 


~ 
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The manufacturer of the carbon strip potentiometer 

transducer descrised above wes 

Computer instruments Vorporation 

9Z2 madison Avenue 

Hempstead, wew York 

zs. the Strain Gage Transducer - The common characteristic 

of the resistance and strain gage transducer is the fact 

that the deflection ot a diaphragm effects a change of re- 

sistance in a component within the transducer. Cne rela- 
é 

tively simple design of a strain gage transducer of low 

sensitivity uses strain gages mounted on the reverse side 

of a flat plate diaphragin; +2 a nore sensitive instrument 


uses a bellows ana linkage which is connected to four 


Strain gages installed as a four-active-arm Wheatstone 
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Bridge. In this latter instrument, any expansion or con-~ 
traction of the beliows will alter an output voltage that 
appears at the transducer output terminals. 

All strain gage transducers have stepless or infinite 
resolution so the system resolution is determined by the 
capabilities and the settings of the instrumentation com~ 
ponents. One transducer enploying the Wheatstone Bridge 
is the .1 psig (2.77 inches water) full scale Model PT1l4- 
Ol Dynisco (Dynamic Instrument Company, Incorporated) trans- 
ducer which gives a full scale output voltage of 18 milli- 
volts (for six volts input) so for our desired .03 inches 
resolution, the instrumentation must be capable of resolving 
195 microvolts.+ This matter will be discussed further 
in the discussion of strain gage transducer instrumenta- 
tion; with a suitable amplifier or with a high sensitivity 
indicator suffice it to say that our .03 inches water 
resolution requirement can be realized. 

The Dynisco transducer in question has adequate lin- 
earity, .5% full scele, but it is incapable of measuring 
water pressure differences. This drawback could have been 
avoided, however, by the use of one of the high-dielectric 
Dow Silicones as an intermediate liquid between two heads 
of water. The Dow Silicones are aes tails at varying vis- 
cosities, and it is considered good practice to use this 
intermediate fluid on both sides of the diaphragm. The 


intermediate fluids, of course, are separated from the 
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water by a loose membrane. Very recently strain gage 
transducers have appeared on the market that are capable 
of handling net pressures of non-corrosive liquids. In 
one of these designs a linkage immersed in the liquid 
on one siace of the bellows passes from its connection 
with the bellows through a watertight opening to the 
strain gage rosette. Time will tell whether or not 
leakage problems will develop. 

Literature concerning the Dynisco transducer in- 
dicated a maxXinumn pressure before damage occurred to 
the diaphragm cf 15 psi (4160 inches water) with a fac- 
tor of safety of unity. In an interview with wr. Chester 
Grosch of the Davidson Laboratory it was learned that 
while a resolution down to .001 inches water was realized, 
a number of these transducers had to be returned to the 
manufacturer for various reasons. 

the instrumentation requirements of the strain gape 
transducer were found by us to be similar to those of 
the resistance transducer, but it has just been noted 
that the instrumentation used with tis instrument must 
ove able to resolve voltages oi considerably less than 
one millivolt. The most sensitive indicator évailable 
at Webb institute is the nickok model 675-A cathode-ray 
oscilloscope, and our experience revealed that the best 
resolution that we could obtain with it is 220 micro- 


volts. It appeared to us, therefore, that with a small 
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amount of amplification, a system using the Dynisco 
transducer should be capable of a pressure resolu- 
tion of less than .0i inches water.+4 

Another note of caution should be inserted at this 
point as we are now discussing a system which uses low 
magnitude voltages and voltage changes. Even with a 
good amplifier or vacuum tube voltmeter, considerable 
difficulties were encountered by the authors in handling 
and measuring voltages and voltage changes below one 
millivolt while working at the UVavid Taylor model Basin. 
Voltage readings tended to be unstable on the meters and 
waveforms on the oscilloscope showed the presence of un- 
wanted frequencies. It is not known whether these diffi- 
culties occurred from the building line current, from un- 
Stable indicutors or powér supplies (we tried several of 
each), or from spurious frequencies generated in the ninty 
feet of shielded cable between the transducer that we were 
using at the time and the other system comnronents. It 
should be enough to say that for us involvement with low 
voltage equipment in a "home-made" instrumentation arrange- 
ment was to be avoided. Many laboratories, however, are 
well equipped with instrumentution specifically designed 
for use with strain gages, a probable explanation for 
their apparent widespread use. 

the prices of strain guge transducers vary widely 
but the Uynisco Trausducer described above costs approx- 


imately $350. ‘The manufacturers of strain gage transdu- 
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cers are 


Dynamic Instrument Vompany otatham Instruments, Ine. 
42 Uarleton Street 12401 West Olympic Blvd. 
Cambridge, massachusetts Los Angeles 64, valif. 


3. The Piezo-electric Transducer - A piezo-electric 
transducer is a single-element transducer suitable only 
for the measurement of the frequency of a fluctuating 
pressure. While no piezo-electric transducer could 
possibly be used for our project, a brief discussion of 
this cesign is appropriate as a matter of general inter- 
est and:-on account of its wise use in industry and in 
resvarch. 

The single element of this transducer is a crystal 
of a salt havins piezo-electric properties. When one of 
these salts is subjected ‘to a change of pressure, exter~ 
nal charges of opposite polarity will appear on opposite 
sides of the crystal. All that is needed, then, is the 
application of electrodes to the opposite sides and the 
amplification of the generated voltage for display or 
measurement .t? 

Aside from their apparent inability to measure static 
pressures, piezo-electric transducers definitely would 
have been inappropriate for our system as these crystals 
are normally limited in use to pressures somewhat greater 
than those we iioped to be able to measure in the experi- 
ments intended for our desired transducer. For experi-~ 


ments involving pressure variations of pressure ampli- 
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tudes such as ours, a variable capacitance transducer 
is generally employed. 

4. The variable vapacitaunce ‘transducer - This type of 
transducer, known also as tne capacitance transducer, 
is available in a very wiae range of resolutions in- 
cluding that which we reyuired. The design is simple 
and its principle of operation easily understood. ‘he 
diaphragm ot this transducer is likely to be a circular 
flexible flat plate clamped around the edge and elec- 
trically insulated from the structure. This flat plate 
diaphragm acts as one of the plates of a simple two- 
plate air dielectric capacitor. The other plate of 
this capacitor is a rigid surface, possibly an actual 
part of the structure of the transducer. A change of 
pressure causes a change of diaphragm deflection and 
likewise a change of capacitance exnibited by this 
transducer. 

Unlike most other instruments, the variable capa- 
citance transducer can be designed from theoretical rela- 
tionships. ‘Therefore, if we had been unable to find a 
satisfactory instrument on the market, it might have 
been entirely possible to design one for manufacture, 
rrom the relationships listed below, it should be ap- 
parent that there is a wide range of sensitivities and reso- 
lutions for which thebéch transducers can be constructed:+6 


1. If the deflected diaphragm is regarded as a 
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family of concentric disks, the sensitivity is found to 
be (assuming a dry air di-electric and a Poisson's ratio 


OF .3)2 | 
C nom (A) 
a= oe ete 


where 4C,/p is change of capacity, micromicrofarads 
per psi change of pressure, 
; Young's modulus, psi 
is thickness of the diaphragm, inches 
radius of the diaphragm, inches, and 
is the spacing between the plates at zero 
deflection, inches. 


= 
fete 
6) 


m *¥ ct 
pute 
42) 


2. in the no-load condition when the plates are 
parallel, the capacitance (using a dry air dielectric) 
is 

C = O-ReA A 
(B) 


where C is capacitance, micromicrofarads, and 
ais the area of each plate, square inches. 


3. Capacitor transducers with nigh sensitivities 


tend to have low resonant frequencies: 


-o4g9o4fFr £ 
t 7 me yt (C) 


where f is the natural frequency in air, cycles per 
second, 
g¢ is acceleration due to gravity, inches per 
second squared, and 
pis weight density, pounds per cubic inch of 
diaphragm material 
Any deviation from our assumption of perfect clamping 
along the edge of the diaphragm in equation (C) reduces 
the resouant frequency somewhat as does the exposing of 
the pressure face of the diaphragm to a liquid. In 


order to prevent difficulties in making output readings 
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the resonant freouency of the diaphragm should be at 
least ten times that of the highest frequency vibra- 
tions one would expect in his input pressure. 

From the foregoing it can be reasoned that the 
limitations placed on the sensitivity for a proposed 
design are 


1. the ability of the manufacturer to obtain thin 
plates and narrow plate spacing, 


2. the maximum permissible diameter of the dia- 
phragn, 


3. the lowest permissible resonant frequency, 


LL, the capability of the instrumentation to resolve 
a change of capacitance, and 


5. the ability of the manufacturer to insure tight 
clamping along the diaphragm circumference and to 
prevent the entry of moisture into the dry air di- 
electric. 


Example: As a feasibility study, find the diameter, no- 
load capacitance, and resonant frequency for 4 capacitance 
transducer having a aownetal diaphragm .5 mils thick and 

a plate spacing of 3 mils. ‘The impecance bridge avail-~ 
able in the webb Laboratory can resolve 10 micromicro- 
farads and it is desired to resolve .02 inches water with 
the transducer. 


02 inches X 1 psi/27.71 inches water = .721 Xx 107 psi 


6.5 X1 6 pai 


In Equation (A) Let d= 3 X 1073 inches, E 
/ 5 X 107+ inches 


0 = .065#/in, 3 t 


nt 


ron? 523 X 107? 


0... = .0402 ——te-; * e fev ae 
-721 X 1072 9x10 6.5 X10 125 y i071 rex .369 in. 


2r = ,738 in. 
Prem gun. (5): C= 4225 T(.369) 2 = 921 x 10% = 32.1 4yt 
x 10- 


From Equa. (Cc): f = .492 /6,5 x 10° x 386 oe . ae 
oe wl as ae 
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It appears that this transducer is entirely suit- 
able with regard to pressure resolution as long as we 
do not encounter significant components of pressure 
fluctuations that might induce resonant vibr..tions. 

We should note, however, the capacitance of the trans- 
ducer capacitor at no-load, i.é., 32.1LA4t compared 
with the 104,/ resolution capability of the impedance 


bridge. According to Roark17 
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where Wis the total distributed force on the flat 
plate, pounds, 

y is the deflection of the center of a circu- 
lar flat plate, inches (edges fixed, uni- 
form load over the entire surfice), and 

mis the reciprocal of Poisson's ratio. 

Yor the dimensions of the capacitor in the feasibility 
study, ives, 67.369im t= Salortin. EGE Sxiobpsi 
a pressure of .0O2 inches water woula deflect the cen- 


ter of the diaphragm 


Ce ey 5 
= (721< i0"*) SUED) 


(6 5x ot}(Suio"#)” a 
which is almost equal to the diaphragm spacing. Ob- 
viously, from a standpoint of overating range (and linear- 
ity) this design would have been entirely unsuitable for 
our use. 

Table II-3 does give a comparison of two existing 
capacitor transducers. With the proper design of the 


transducer and sufficiently accuratc and sensitive instru- 


mentation, nowever, it should have been possible to design 
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Table II-3 A Comparison oi Two Capacitance 


fransducerst§)19 
Manufacturer Technitrol Kngineering David Taylor 
Philadelphia, .Penna. model Basin 
No-load 
capacitance 4A CMM + 441 uf 
Sensitivity OG Tp F fpse ~ 2.23 KIO Fay f/pse 


Resonant frequency 


in air (cycles $000 plu Mate, OG 
per second) f ae 


Normal operating 


+ . t 
range = 0387 pse 10 pse 
Maximum pressure 
FefSls damage 2.387 ps = $OT psc 


or obtain a capacitor transducer system satisfactory 

to use from the standpoints of operating range and ree 
solution. The output would be linear for a small region*9 
near the no-load point but tnis trensducer would be ine 
capable of handlins, differential water pressures. As 
long as tne diaphragm is protected from abuse, the trans- 
ducer should be regarded as fairly rugged in view of its 
basically simple construction and relative lack of moving 
parts. Complete watertirfhtness around the diaphragm 
should be maintained (otherwise frequent recalibration 
will be necessary) and precautions should be taken to 
prevent excessive corrosion of the thin diaphragm. 

There are several methods by which a capacitance trans- 


ducer may be instrumented. Two of these methods in- 
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volved the use of a bridge in which the trcnsducer acts 
as one of the four capacitor elements, either directly 
or through a pair of transformers: 


1. A calibrated variable capacitor acting as the 
second arm of the bridge may be varied until the 
bridge unbalance current is reduced to:zero or 
*nulled."™ The pointer reading for this variable 
capacitor coulda then be related to transducer out- 
put, hence pressure input. This arrungement would 
periiit measurement of a steady pressure or of the 
maxima or tiinima of a repetitive pressure fluctuae- 
tion.as well as the frequency. Studies of non- 
repetitive fluctuations, however, would be ex- 
tremely difficult if not impossible. 


2. The capacitance transducer can be placed in 
a bridge containing three other fixed value capa- 
citors. ‘The magnitude of the bridge unbalance 
current, therefore, would be < function of the 
transducer capacitance. This arrangement per-~ 
mits a study of the shapes of pressure waves at 
frequencies limited only by the resonant frequency 
of the diaphragm. .,In order that the bridge unbalance 
current accurately reflect the input pressure to 
the transducer, it would be necessary that the sige 
nal gengrator have good voltage and frequency stae- 
bility. 
A third possible method of instrumenting this tyne of 
transducer does not use a bridge. Instead, the varia- 
tions of the transducer output capacitance can be used 
to frequency modulate a small transmitter. In actual 
practice the capacitance transducer is more likely to 
be used for the measurement of low pressure frequencies 
than for the measurement of low pressure amplitudes. 
All transducer systems that involve the measurement 
of capacitive or inductive reactance present many poten- 
tial difficulties concerning shielding. A detailed dis- 


cussion of this subject would be quite lengthy; the au- 
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thors will try to be as brief but as thorough as possible. 

Cabling between the various components of any systen 
presents resistive, capacitive ana inductive impedances to 
alternéting currents as well as presenting an antenna for 
electromagnetic disturvances from the atmosphere. The ree 
sistancegin these cables vary only with temperature and 
this is the only impedance that is likely to have u marked 
effect on a resistively loaded alternating current. Une 
like resistance, the capacitance and inductance of a 
cabling is quite likely to vary with its looping and un- 
looping as the carriage proceeds down the tank. Reac-~ 
tances add vectorially zero degrees or 180 degrees to She 
Output reactance of one ol these trunsducers in question 
thus making it extremely difficult to compensate for line 
reactance distortion. 

The foregoing problem concerning shielding of capaci- 
tance transducer systems is aggravated by the high values 
of reactance exhibited by the transducer.“* A high capaci- 
tive reactance load at the end of a transmission line re- 
sults in significant and varying unknown amounts of capaci-~- 
tive line leakage. Aside from increasing transducer capaci- 
tance (to draw the current through the length of the cable 
to the transducer rather than across it through leakage) and 
decreasing the length (and unknown capacitance) of the line, 
the best remedy for this problem is the finding of the opti- 
mum frequency with respect to transducer capacitance and to 


the system's shielding.“ Another compromise must be made con- 
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cerning the operating voltaze.<4 

fhe frequency utilized for a capacitance transducer 
system is likely to be somewhere in the radio frequency 
range (above 20 kilocyeles).©? The art of shielding for 
high frequencies is quite uncertain - as the authors have 
learned to their regret - and most capacitance transducers 
are purchased aiongy with instrumentation specifically 
designed for the transducer. The price of a complete 
system is generally around $800. There are several manu- 
facturers of this type of transducer and associated in- 


strunentation. Three of these firms are 


Photocon Research Products SouthemiInstruments Limited 
421 North Altadena Drive Frimley Road 
Pasadena, California Camberley, Surrey, England 


Technitrol mnigineering Vompany 

1952 Last Allegheny Avenue 

Philadelphia 34, Pennsylvania 
5. The Variable Reluctatice Transducer - There are a large 
number of designs of variable reluctence transducers as 
well as names, e.f., variable inductance transducers or 
simply inductance transducers. All of these instruments, 
however, exhibit an outvut inductive reactance t!at varies 
with pressure. The simplest design {illustrated in rig- 
ure II~5) consists of a diaphragin and fixed and moveable 
portions of an iron core forming &@ magnetic loov. One 
end of the moveable portion is hinged to an end of the 
fixed core; the other end is connected by a linkage to 


the diaphragm leaving a small air gap between it and 
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the other end of the fixed core. A deflection of the 
diaphraga, therefore, varys the width of the air gap 
thus changing the reluctance of the magnetic circuit. 
These variations ot reluctence then vary the reactive 
impedance of a coil wound around the core, thus a pres- 
sure change is converted into a cnange of inductive re- 
actance within the transcucer. 

Replies to our inquires were received from five 
manufacturers of variable reluctance transducers. The 
infornation following pertains to a system manufactured 
by Ultradyne which we regarded as quite promising. The 
transducer, power supply aud instrumentation (less the 
indicator) sold as a complete unit have a linear direct 
current output and tne transducer is capable of handling 
differential liquid pressures. The system in question, 
the model UCS-4 pressure to voltage system including a 
model S-00O transducer, can resolve .Ol inches water and 
has a full seale range of O-.1 psi (0-2.77 inches water). 
The diaphragm is capable of withstanding five psi (about 
139 inches vater) without recelibration and at least 50 
gravities of acceleration on any axis.*? 

The instrumentation, of course, must be capable of 
measuring inductance; one of the two vobridge arrangements 
suggested in the discussion of capacitance transducer ine 
strumentation may be used with the substitution of the 


capacitor arms by inductor arms. Some shielding problems 
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may exist, but the impedances (hence the required genera~- 
tor frequencies) are considerably lower than those associa- 
ted with capacitance transducers. As in the case of the 
capacitance transducers and the Ultradyne transducer, it 

is usual practice to purchase the instrumentation and 
power supply with the transducer. 

Prices.of inductance transdycers vary widely, the 
Ultradyne as:embly of power supply, transducer and instru- 
mentation less the indicator costs about $565. Three of 
the five manufacturers of inductance transducers from 


whom we received replies were the following; 


Crescent Engineering and Ultradyne, Incorporated 
Research Uompany 2630 San Mateo northeast 

5440 North Peck Road Albuquerque, 

El Monte, California : New Mexico 


Wiancko Engineering Company 
255 North Halstead Avenue 
Pasadena, California 


ducer is similar to the resistance transducer as the 
output resistance of the instrument changes with pres- 
sure. These instruments use one of several pressure- 
sensitive intermetallic resins placed behind an exposed 
gold coated "mylar" diaphragm. This transducer is ex- 
tremely sensitive. One design having a full scale range 
of 0 to 3.06 inches water registers a change of about 
130 ohms per .O2 inches water and with a sufficiently 


sensitive resistance bridge a resolution of .0006 inches 
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water can be obtained according to the manufacturer. 
The output is nonlinear, the instrument is in- 
capable of measuring differences in water pressure, 
and difficulty may even be encountered if use of a gas 
reference system is desired. The oniy power supply 
required is a dry cell; the only required instrumen- 
tation is a milliammeter. The transducer can be ob- 
tained from Clark Electronic Laboratories of Palm 
Springs, California, at a price of $75. 
7. The Oscillating String Transducer - This transducer 





is normally a force transducer and while it is unlikely 
to have sufficient sensitivity and resolution for our 
purposes when used with a diaphragm, its principles of 
operation suggest sone interesting possibilities. In 
this instrument, a vibrating steel wire string passes 
through an air gap of an inductive pickup system thus 
varving tue magnetic flux within the air gap. A sug- 
gested arrangement woulc be the mounting of one end of 
the wire string on the ena of a spring and the other end 
on a point of the aiaphr.gin. As the resonant frequency 
of a vibrating string ,varys as the square root of the 
tension, nonlinear voltage output variations can be ex- 
pected from pressure changes. The system is regenerative 
as the output is amplified and a part of the output is 
then used to maintain vibrations of the string at the 


appropriate natural frequency .*® 
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No quantitative information on this design has been 


found; the only manufacturer of this type of instrument 


known to us has apparently gone out of business. 


% a ay 


Before discussing the type of transducer that was 


finally selected, it would be well to present a brief 


review of the transducers and the systems just discussed. 


We are particularly concerned, of course, about any fea- 


tures that might have precludec the purchase of any one 


of them for use at the Webb Towing Tank: 


l. Resistance - Purchase expenses would have been 
modest but all designs appeared to have inadequate 
resolution. 


2. Strain gage - The desired resolution of the Dynisco 
transducer system conld have been obtained only with 
some amplification. All transducers of this type 
known to us at the time of selection were limited to 
the measurement of water pressure on only one side 

of the diapnragm. The output was linear and the 
purchase price would have been about the same as 

that of the chosen Schaevitz transducer. 


3. Piezo~electric - This instrument was limited in 
use to the frequency measurement of a high amplitude 
pressure fluctuation. 


4. Variable UVapacitance ~ The: instrument could have 
been designed to suit our resolution and pressure 
range requirements. The instrumentation for the 
instrument, however, would have been difficult to 
design and to use. In addition, the instrument 

was incapable of measuring liquid net pressures, 

the outvout was generally nonlinear, and the cost 

of the entire system would have been considerably 
higher than that of any other system. 


5. Variable Reluctance ~- The Ultradyne system ap-~ 
peared to have the capabilities required though we 
would have veen unable to amplify conveniently its 
direct current output. The total cost of the system 
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would probably have been somewhat higher than that 
of the Schaevitz transducer that we finally decided 
to procure. The useful range is limited to 0-2.77 
inches water without backup pressure, a bit less 
than what we would have liked. 
6. Pregsure-sensitive resin transducer - This trans-~ 
ducer had a limited operating range (0-3.06 inches 
water), it was incapable of measuring net liquid 
pressure, and the output was nonlinear. 
8. The Linear Variable Differential Transformer Transducer - 
A linear variable differential transformer (LVDT) trans- 
ducer is an instrument that registers an alternating cur- 
rent output voltage that varys in amplitude with pressure. 
The diaphragm can be a flat plate, bellows or pressure 
capsule, but the pressure capsule appears to be the one 
most suitable for effecting a combination of compactness 
and sensitivity. The component of this transducer that 
is sensitive to linear displacements is a LVDT, an 
assembly of a moveable nickel-iron core surrounded by 
three windings aligned axiallv. ‘fhe middle coil, the 
primary coil, is straddled by two identical secondary 
coils connected in series opposition. (See Figure l1I-6.) 
The operation of the LVDT is quite easy to under- 
stand. The series opposing connections of the secondary 
windings cause. two induced voltages to "buck" each 
other or to add vectorially 180° with respectcoto each 
other. At the so-called "null-point"™ of the nickel- 


iron core the voltage of each winding is equal to each 


other and across the output of the differentially con- ; 
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nected windings is a zero voltage. Any displacement of 

the core changes proportionately the voltages generated 

in the windings ~- one increases while the other decreases ~ 
‘and the vector sum that appears at the output will vary 

in magnitude with the numerical difference of ree 
duced voltages. 

‘fhe LVDT avpears to be an amazingly sensitive linear 
displacement measuring device; with the test stand micro- 
meter (See rigure 1II-2) a linear displacement resolu- 
tion of better than .05 mils from the calibration curve 
was obtained (See figure II-l11). The transformer and 
consequently the transducer nas good linear output 
characteristics (about 1% of the full scale value) 
through most of the operating range. ‘There is one in- 
portant aspect of the LVDT that may adversely affect 
the linearity near the null point, the loss of linearity 
being the result of "null voltage," a concept that will 
now be explained. 

It was noted earlier that the series opposing con- 
nections will cause the two induced secondary voltages 
to add vectorially to a zero magnitude at null-point or 
at the null position of the core. The two induced volt- 
ages, however, are not exactly 180° out of phase with 
each other so when null point is reached one finds a 
voltage of low amplitude having a phase difference from 


the phase of each of the two secondary voltages of just 
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under 90°, 

rigure iI-~1l shows a plot of LYDT output voltage 
obtained for varying core axial displacements on either 
side of nuli. It is readily seen that there is a marked 
loss of linearity and sensitivity in the region near the 
nuli point, but for increasing displacements outside of 
tilis nuli region the linearity improves. There are a 
Muniver or other possible explanations, however, for the 
eXistance of null voitase. Among them are 

1. Spurious or harmonic frequencies from the power 

Supply whicn are not completely reduced to zero 

Quplitude at nuli point, 

2. Unbalance in the fields of the two secondaries, 


3. Capacitance cuouvling between the primary and 
secondary circuits, and 


4. Stray resistance leakage between ary 
and one or both of the secondary coils. 


(figure 11-7 illustrates very; vA r 
\ a 
wetl the oscilloscope presen- / 
tation of a transformer oute- | : : 
put waveform that migit occur / ' 
: SY F 
whiide passing through the null \, 7 


point with the core. when 
Fig.lI-7. Typical oscilloscope 
these wave shapes appear in waveform at null. As the core 
approaches and passes through 
lieu of the desired horizontal the null position, peaks (Aa) 
may diminish in amplitude while 
dine charucteristic of zero in- peaks (B) will increase. Hence 
the null point would be diffi- 
put voltage, it becomes ex- cult to locate. 


tremely difficult for the operatog.to determine whether 
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or not he has reached the null point. If the operator were 
using a vacuum tube voltmeter, the minimum voltage reading 
or dip would not appear to be vwiell aefined on account of the 
loss of linearity and sensitivity near tne null point; it 
would be necessary to pass the core through the null position 
several times before the location of null point coud be 
determined with reasonable accuracy.) 

One can take steps to both reduce null voltaze and to 
avoid its undesirable effects. Two methods of reducing the 
magnitude of null voltage used by the authors were 


l. The use of a filter at the outout of the trans- 
ducer or 4t the output of the amplifier, and 


2. The connection of the ends of a rheostat to 

the output leads of the differential transformer 

and the connection of the remaining secondary 

winding leads to the->pickup of the rheostat. 
The above two steps, once tuken, should eliminate well 
over 95% of the null voltage appearing at the output of 
the transformer or oi the anplitier if used. The reduc- 
tion of null voltage orings the linear range of the LVDT 
much closer to the null point and should permit satisfic- 
tory operetion in a region where the operator will realize 
the highest percentage of voltage change for a given change 
of pressure input. The person wi:o operates just outside 
of the null region is said to be operating "just off null." 

In order to insure transducer operation in the region 


just off null (or in any other region of a plot of output 


voltage versus pressure input), the operator must heve a 


abies 





means whereby he cun determine the voint on the plot 
which he wants to be his "no-load" or starting point. 
There are a number of ways by which this may be accon- 
plished: 
1. Most LVDT transducers have a screw fitting 
that permits a linear displacement of the trans- 
former in the direction of its axis. This man- 
ual adjustment has exactly the same effect on 
the generation of voltages in the secondary 
windings as does the linear displacement of the 
core caused by diaphragm deflection. 


ze A controlled reference pressure may be applied 
to the reverse face of the diaphragm. 


3. A second LVDT may be connected in series oppo. 
Sition with the transformer in the transducer. A 
dieplacement of either transformer core varys the 
Output of the puir, hence manual displacement of 
the core of the additional transformer may be used 
for output voltage adjustment. 

The utilization of a LVDT system at maximum effec- 
tiveness can be achieved only after the development 
(largely through trial and error) of good technique. 
Two factors which have an important bearing on the sys- 
tem sensitivity and resolution are the choices of input 
voltage and frequency to the transducer. While actual 
figures will vary according to the design of the LVDT, 
sensitivity increases with frequency leveling to an op- 
timum of about twelve hundred cycles and thence to a 
gradual decline. (See Fissure II-&.) In addition to the 
question of the location of the point of optimum sen- 


sitivity, there are several other considerations which 


pertain to the choice of the operating frequency: 
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1. An increase of trequency 

may raise or lower the null: 14+ [77 
voltage, depending upon the a 
design of the transformer, > * ; = 


™e 
~~ 


2. At frequencies somewnat 
less than 1000 cps, the 
sensitivity of a svDT wil. 
vary with input frequency 
‘ thus necessitating a power 
supply with good frequency 
Stability. Near tne fre- 
quency of maximum sensiti- 
vity, variations of input 7 | 


a eran eet Fee Ee mtn wares mf 


SENS!ITtv ry 7 ta Sut Aco /vour 
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frequency should have little [tte 
or no effect on sensitivity, FREQUENCY - CPS i 
thus giving stable indicator 

readings for constant pres~ Figure II-8 Sensiti- 
sure inputs. vity vs. frequency of 


voltage input for a 

3, sine reactance effects in~ typical LVDT 

crease with frequency. 

4. Variable frequency power supplies and filters 

are quite expensive and savings may result from 

the purchase of a unit oscillator having one or 

two fixed outout frequencies and of a single 

frequency filter. Use of these single frequency 

components, of course, may preclude the utilization 

of the frequency deemed most desirable. 
While discussing the subject of input frequency, it 
should also be noted that the actual power supply out-~ 
put waveform will have harmonic and spurious components, 
and these components will appear in the null voltage. 
Elimination of the unwanted frequencies is accomplished 
by the use of a filter which in turn reduces system sen-~ 
sitivity and resolution. 

As it is with the selection of operating frequency, 
the choice of transducer input voltage is the result of 


a compromise. The sensitivity of a LVDT at a specified 
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frequency is always expressed as (millivolts output) 
per (mil deflection) (volt input.) This implies in- 
creased sensitivity for increased input voltage. 
Once again the operator must face certain practical 
considerations; 
1. The output power or any power supply has its 
jimits. As the power aosorbed by the LVDT is 
proportional to the square of the voltage, the 
~ maximum voltage used by the LVDT may be deter-~ 
mined by the capabilities of the power supply 
and by the number of transformers:in use. 
, 2e The heet generated in the coils varies as the 
square of the input voltage. Heat in turn in- 

.  @reases wire resistance resulting in reduced out- 
.. put voltage and sensitivity, particularly for in 
strumentation having low impedance inputs. ‘The 
increased generation of heat within a coil also 

increases the likelihood of burning out a winding. 
Manufacturers of LVDT's:-specify an operating voltage 
since the question of the effect of heat on the windings 
is not easily studied by the operator. Unless over- 
riding considerations are found in the capabilities 
of the power supply or from experience in the operation 
of the system, it is suggested that the rated voltage 
for the transformer be used. Good regulation of power 
supply voltage or current is essential for a stable 
transducer output. 

The foregoing discussion was intended to impart a 
basic knowledge concerning the construction of and oper- 
ation with the linear Yariable differential transforrer. 


With regard to the characteristics of the LVDT transdu- 
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cer, the remainder of this discussion will pertain 
generally to one particuler instrument, the Schaevitz 
P476-AlL0 transducer purchased for our system. This 
instrument has stepless resolution and static water 
pressure tests were conducted by using a liquid refer- 
ence pressure apparatus mounted with the instrument. 
It appeared that at least 90% of the system output 
readings obtained from these static tests diverged no 
more than .02 inches water without amplification of 
the transducer output but with the Hickok 675-A os- 
cilloscope used as the indicator set at its most sen- 
sitive condition (See Fisure Jy-«la). No adverse 
effects accountable to hysteresis were noted and after 
considerable practice, good repeatability for the same 
power supply and instrumentation settings was noted 
even after an interval of several days. This partic- 
ular transducer was intended for use with a pressure 
range of ten inches water net pressure on either side 
of no-load. 

The system, moreover, exhibited good linearity at 
the normal 6.3 volts transformer input, and on account 
of the presence of a 1000 cps filter in the circuit 
and the connection of a potentiometer to the output 
leaus of the secondary winagings, the adverse effects 
on linearity near the null point that might had been 


attributable to null voltage were not observed. This 


fy 
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transducer had the capability of handling differential 
liquid pressures though difficulties were encountered 

in removing all of the air that had collected in the 
inside region of the capsule-type diaphragm after several 
days. The transducer should be fairly rugzed as the only 
moving parts of the Schaevitz transducer were the dia- 
phragm and the nickel-iron core. According to the 
pristol Instrument Company, the manufacturer of the dia- 
phragm, the diaphragm was able to withstand a maximum 
pressure or suction of 8 psi (222 inches water) before 
damage, a rather generous margin considering the designed 
operating range of plus or minus ten inches water. 

During one of their. two visits to the Davidson 
Laboratory, the authors were shown a Schaevitz P4,76-ALO 
LVDT transducer modified to vent air or to remove un- 
wanted liquid (as the particular situation dictated) 
from the regions inside and outside of the capsule. In 
actual practice, however, it was found by Davidson 
Laboratory personnel that the addition of the vent for 
the inside region did not insure complete removal of 
unwanted air or water, perhaps on account of the corru- 
gations of the capsule surfaces. 

Primarily on account of the satisfactory perform. 
ance of this transducer at the Davidson Laboratory, 78 
it was decided to purchase a transducer similar to it. 


After a visit to the Bristol Instrument Company, two 
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suggestions were submitted to Schaevitz for further 
improvement of their instrument for our purposes (See 
Figure II-9.):3 
lL. The venting tube for the inside region of 
the bellows should be ended near the uppermost 
point of the juncture of the diaphragm plates 
with the transducer in the normal position. 
Insertion of this tube would insure almost com- 
plete removal of air or water as desired from 
the region inside the capsule. 
2. In place of the three mil thickness Ni-Span-C 
capsule presently used, a three mil thickness 
phosphor bronze capsule should be utilized. 
The substitution of phosphor bronze increases 
sensitivity about 60%, facilitates fabrication of 
a capsule with an inside air venting tube, and 
reduces corrosion. The wi-Span-C capsule had 
the advantage of insensitivity to marked temper-~ 
ature changes, but on account of the fairly 
constant 80°F temperature of the Webb Towing 


Tank, the loss of this temperature insensitivity 
is one we could have well aftorded. 


Incidentally, the tranbduewn that was finally obtained 
from Schaevitz was constructed from the plans used for 
the transducer purchased by the vavidson Laboratory 
(See rigure 12-10.). A quotation based on the two 
suggestions submitted to Schaevitz Engineering quoted 
a price increase of over $1000 per unit. 

The instrumentation of any LVDT transducer is most 
likely to be an assembly intended to measure the ampli- 
tude of the transformer output voltage. ‘the indicator 
of this instrumentation may be either a highly sensitive 
vacuum tube voltmeter (VTV™M) or a cathode-ray oscillo~ 
scope (CxO). In addition to the indicator, there may 


be one or more of the following in the instrumentation; 
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1. An amplifier which would improve system sensi- 
tivity and resolution, 


2 A filter which would impede the passage to the 
indicator frequencies other than the desired oper- 
ating frequency, and 


3. Rectifier circuitry and phase-sensitive net- 
works which would enable the operator to deter- 
mine instantly which side of null he is reading. 
Direct current indicators, il.e., a voltmeter or 
ammeter, would be used in this arrangement in 
place of alternating current indicators. 
dn lieu of a voltage or current measuring indicator, 
the suggestion was made thet. a LVDT null point sensing 
servo unit be used.?% Time did not permit us to try 
this suggestion. 
Prices of LVDT transducers vary from $225 to #300 
for standard models; our transducer costed #325. Four 


~ 


manufacturers of LVDT transducers are the following; 


Automatic Timing and international Resistance Co. 
Controls, Incorporated 401 North Broad Street 

King of Prussia, Philadelphia 8, 

Pennsylvania Pennsylvania 

Sanborn Company Schaevitz Engineering 

175 Wayman Street Camden 1, 

Waltham 54, massachusetts New Jersey 
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Section III - Development of the 
fransducer System 

The forming of the transducer system's power sup- 
ply and instrumentation from their individual components 
was the product of considerable trial and effort over 
a period of several months. The resulting system 
proved to be capable of resolving the .02 inches water 
that we particularly desired. 

The power supply and instrumentation of this final 
system consisted of the following components: 


Power Supply 1. Audio oscillator, Eico Model 377, fre-~ 
quency range 20-20,000 cps, rated at .l 
watt and 10 volts working into a 1000 
ohm load. 


2 Power amplifier, Heathkit model UA-=2, 
frequency response of 20-20,000 cps, 
rated at 14 watts and 15 volts working 
into a 16 ohm load with .8 volts input. 


Instrumentation 1. Terminal and switch box including 
a null reduction potentiometer. 


2. Preamplifier, Heathkit Model AA-60, 
frequency response 20~20,000 cps, rated 
at 2.5 volts output at 1000 cps for five 
selected inputs ranging from .0035 volts 
to .l volts. Output impedance is 1500 
ohms at 1000 cycles. 


3. 1000 eycle low pass filter, General 
Radio type 8630, 1500 ohm impedance at 
LOOO cps 


4. Cathode-ray oscilloscope, Hickok Model 
675-A, rated maximum sensitivity 20 milli- 
volts rms/inch vertical deflection. 

A block diagram of the final system arrangement 


indicating the relationship of the components is shown 
d 


soo 





in Figure III-1 below; 
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Figure lII-1. Block diagram of final arrangement of 
components of the Schaevitz LVDT transducer system 
employed at the Webb Institute Towing Tank. 

In order to present a complete analysis of the 
consolidation of these components into this final 
system arrangement, this section will include a detailed 
account of the design process Lollowed plus calcula- 
tions and component discriptions. 

After the selection of the modified Schaevitz 
transducer, model P470-Al10 utilizing a Schaevitz LVDT 
type O60SSL, considerable time lag was expected before 
delivery of the transducer. Rather than to wait for 
the arrival of the transducer to begin component selec- 
tion, a test stand using a type O60SSL LVDT and a 
barrel micrometer head accurate to one ten-thousandth 
inch was constructed in order to have a means of sim- 


ulating voltage and impedance characteristics of the 
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transducer input and output (See Figure II~ll.). It 
is with these input and output characteristics in 

mind that most electronics instrumentation is designed. 
The design or selection of the power supply, on the 
other hand, is based uvon the impedance characteris- 
tics and upon the voltage anu frequency requirements 
of the load, in our case the transformer. It would 
have been possible, of course, to proceed with both 
the power supply and instrumentation selection with 
just the manufacturer's data and calculated values of 
voltage and impedance; however, with the data and cal- 
culations plus the actual simulated values of voltage 
and impedance, a more realistic and positive selection 
of each system component can be made, 

The expected range of transducer output voltage 
was 2 mv to 730 mv for a pressure input of zero to ten 
inches water as derived from the rated sensitivity of 
4.25 mv output per mil deflection volt input based 
upon a 400 cycle input and a 500,000 ohm load im- 
pedance.?+ Since 6.3 volts input was recommended by 
the manufacturer and since .0274 inches of core deflec- 
tion is equivalent to a pressure of 10 inches water 
(based upon the deflection of the Bristol pressure cap- 
sule, Al332-1, used as the pressure element of the selece- 


ted transducer) , 2 the value of .73 volts was obtained: 
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The lower value of 2 mv was the order of magnitude 

of the null voltage (with null reducing circuitry at 
the transformer output) indicated by the data sheets 
supplied with the transformers used in the test stand. 
It must be noted that changing the input frequency or 
load impedance can result in changes in rated sensi- 
tivity. (A frequency of 10U0 cps was used later which 
increased the sensitivity by about 6%.) The expected 
increment of transducer output voltage for an incre- 
ment of pressure of 6C2 inches water, the desired reso- 


lution, was 1.47 mv: 
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Again, this calculation is based upon 400 cps input 
frequency and 500,000 ohm load impedance. 

The voltage output of the test stand was made to 
Sinulate both the range and various increments of the 
transducer output voltaszs (neglecting errors in physi- 
cal alignment of the test stand LVDT core plus manufac- 
turing differences in the supposedly identical test 
stand and transducer transformers). This was accom 
plished by simply adjusting the micrometer of the test 


Stand. The adjustment axially advanced the center shaft 
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of the micrometer to which was attached the core of 

the LVDT. Thus, as the micrometer was adjusted, the 

core of the test stand transformer was axially positioned 
just as the core of the transducer LVDT was positioned 
by a deflection of the pressure capsule. Henceforth, 

any axial core motion of the test stand or transducer 
transformers will be called "deflection." 

The output impedance exhibited by the test stand 
uVDT would, of course, be the same as that of the trans- 
ducer LVDT since they are identical. For a frequency 
of 400 cps the output impedance of the transformer was 
1110 ohms. This impedance was a function of frequency 
only over the linear range (of O to 60 mils deflection 
in either direction corresponding to 0 to 1.6 volts oute 
put) of the LVDT's since the total secondary coil in- 
ductance was a fairly constant .314 henries over this 
linear range. 

Upon the completion of the preliminary test stand 
trials, the selection of a readout or indicating com- 
ponent was begun. This component would have had to mea- 
sure in some manner the output voltage of the test 
stand LVDT and eventually the transducer LVDT. Such a 
measuring device, however, would present a load im 
pedance to the LVDT. A high load impedance results in 
a low current in the transformer output circuit that 


includes the two secondaries and the indicator. This 
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low transformer output current results in a negligible 
voltage drop in the secondaries and consequently the 
transmission to the indicator of the full induced 
voltage. Small load impedances (of the same order of 
magnitude as the output impedance or below), on the 
other hand, result in a significant current in the 
Output circuit and voltage drop in the secondaries with 
a reduction of transformer output voltage .2 Readout 
devices such as the cathode-ray oscilloscope (CRO) and 
vacuum tube voltmeter (VTVM) present Teaa impedances 

of 500,000 ohms or more; thus they could be considered 
as prospective indicating components. A CRO and VTVM 
were both available for use in our trial instrumenta- 
tion arrangements; the latter, however, proved to be 
extremely unreliable and unstable at low voltages so 
attempts to use it in our instrumentation were discom 
tinued at an early date. (The possibility of using 
Vivmts of other designs will be discussed later in this 
section.) The available URU was a Hickok model 675A 
with a rated sensitivity of one inch vertical deflec- 
tion of the sweep per 20 mv rms. This means that a aine 
wave with a voltage of 20 mv will indicate a peak to peak 
vertical deflection of one inch. On the screen of this 
ChO there are 10 units per inch on the vertical scale; 
therefore the | 


rounts/r ach 


Sensitivity = >it - Suvsts} mv. 
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This rated sensitivity was found to be slightly in 

error. On the "X1 scaie"™ and at the highest "Sensi- 
tivity" setting a maximum sensitivity of .455 units 
per mv was obtained. Thus to resolve a pressure of 
.O2 inches water, it would be necessary to read the 


CrO presentation to an accuracy of 


aes). OF in. 4,0 


eeu T unit - 64 units (peak SiGe pea k) 402 iw, 20 


This requirement at first seemed to be unreasonable 
since the optimum method of reading the CRO employs 
the change in amvlitude of the wave form from a fixed 
reference rather than the peak to peak change - thus 
halving the .64 units men the operator would have 
to resolve on the scope to .32 units. (Subsequent 
experience, however, has shown that the amplitude of 
the waveform presented on the CRO can be read to the 
nearest .l unit with a reasonably steady input.) 

In addition to the CRO and VTVM, a number of con 
ventional indicating instruments (voltmeters and an- 
meters) available at Webb Institute were considered 
and tried, all with unsatisfactory results accountable 
to insebsitivity. VUonventional instruments, in addi- 
tion, generally present a load impedance considerably 
lower than that for either the vURO or VTVii. 

Proceeding with the GRO, the test stand and the 


input voltage supplied by the forementioned Eico ose 
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cillator, an attempt was made to evaluate the apparent 
problem of reading the CRO to an accuracy of .32 units 
with the possibility in mind of having to purchase an 
amplifier for the transducer output for easier reading 
of the UxO. Here we ran into problems as the oscilla- 
tor (output impedance 1000 ohms) and the transformer 
(input .impedance 112 ohuvis at 400 cps) were..not. properly 
matched for maximum power transfer and the maximum 
rated power output of the osciliator was .1l watt. 
When loaded by the transducer, therefore, the voltage 
in the primary dropped from a desired 6.3 volts to 
about lL volt. resulting in a reduction of LVDT sensi- 
tivity by a factor of 1.0/6.3 oreapeut sto. 

Further work on testing the sensitivity of the 
LVDT in the test stand was accomplished at the David 
Taylor model Basin using a Hewlett-Packard audio os- 
cillator model 2018. It was found, for instance, that 
while the vertical scale had a total of 50 units, only 
the middle 26 units could have been used on account of 
possible parallax and tube curvature. At the maximum 
URO sensitivity settings the useful range for pressure 
measurement was found to be 
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Early in Section II of this paper was discussed 
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briefly the ratio of useful range to resolution. For 
the Hickok CRO at any setting this range-resolution 


ratio would be 


26ureitsS useful range .o09 
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It appeared, therefore, that if we were to have used 
an amplifier for increased sensitivity, we would have 
had to sacrifice useful range. 

Anticipating the need for transducer output am- 
plification, a nunber of attempts were made last autumn 
at Webb Institute to find and rehabilitate or to con- 
struct amplifiers suitable for our transforser output. 
The first amplifier tried was @ brush model OA-l. We 
modified this amplifier by placing an output transformer 
in the plate circuit of the last stage of the amplifier 
and by modifying the input and output connections and 
wiring to accommodate the LVDT and CNO leads. This anm- 
plifier proved to be unstable Gnd the output waveform a 
badly distorted sine wave. A try at troubleshooting to 
correct the output signal proved unsuccessful, although 
it was deduced thet defective filter capacitors could 
have been a possible cause of the difficulty. 

Rather than spend additional time trying to correct 
the output signal of the srush amplifier with no cer- 
tainty of satisfactory results, a Kirby oscilloscope 


preamplifier, model SA-103, was assembled and tested. 
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The preamplifier was rated at zero to 100 amplifica- 
tion with an input impedance of 222,000 ohms, a maxi- 
mum input voltage of .3 volts, and a maxinum output 
voltage of 390 volts. The amount of amplification was 
found to be more than ample, but again the output was 
distorted by 60 cycle voltages rendering it virtually 
useless. Considerable time was spent by the authors 
attempting to correct the output, particularly with 
regard to modifying the shielding and grounding arrange- 
ments, but with no positive results. No further con- 
sideration of either amplifier wis made. 

it was after their unsuccessful attempts of re~ 
habilitating the two amplifiers at Webb Institute that 
the authors commenced their ten week winter work per- 
lod at the Vavid Taylor model masin. During this per- 
iod the transducer was delivered and component selection 
continued with the very valuable aid of DTMB facilities 
and personnel. 

In order to check the performance specifications 
of the transducer a rough calibration of the trinsducer 
was conducted using an extremely accurete (to within 
~OOl psi or .0277 inches water) mercury barometer which 
readily converted into a variable air pressure source by 
the mcLeod Gage principle.?4 This reese source, al- 
ways below atmospheric pressure, was connected to the 


outside of the pressure capsule of our transducer where- 
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as the inside of the capsule was open to the atmosphere. 
the power supply was the forementioned Hewlett-Packard 
audio osciliator rated at 20 watts with .2% harmonic 
distortion at 1000 cps. (See rigure iII-2.) 

The pressure output readings obtained in this first 
test were obtained by the so-called "null balance" 
method, In order to utilize this method, the outputs 
of the transducer and test stand LVDT's were connected 
to each other in the same manner that the ends of each 
of the secondaries of an LVDT are connected.i For each 
core position of the transducer LVDT there would be a 
corresponding, position of the test stand LVDT core 
that would effect the presence of null voltage. for 
each diaphragm deflection, therefore, tnere would be a 
corresponding inicrometer reuding at system null volt- 
age. 

This method was used during the entire stay of 
the authors at DIMB. ‘the results were auite consistent 
but on account of the low deflections of both cores in- 
volved, the difficulty of reading the wicrometer to an 
aeccurecy of less than .1 mil, and of Vindinge the exact 
null, this method was considered quite tedious and was 
discurded upon the authors! return to Webb Institute. 

During the early stayes of our work at DTMB, several 
facts became quite apparent: 


L. The use of a filter was needed in order to re- 
move the narmonics apparently causing the distor- 
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tion of the CRO waveform and the high frequency 
stray voltages affecting the stability of the 
waveforn,. 
2. A power supply with sufficient power output 
to provide a stable, undistorted voltage of at 
least 6.3 volts to the transducer was needed. 
3. A means of reducing the high null voltage found 
during the calibration would have to be employed. 
The null voltage without the presence of null 
reducing provisions was at least 20 CRO units in 
amplitude. ‘his high null voltage, of course, 
restricted the useable portion of the most sen- 
sitive scale on tne CRO and made difficult the 
establishment of any well defined reference core 
position. 
4. The need for shielded leads throughout the exe 
ternal wiring was indicated in order to reduce the 
apparent stray or atmospheric voltage pickup. 
Kather than actually constructing a filter network, 
several audio frequency filters available at DTMB were 
tried in conjunction with the transducer and the Uno. 
A General Radio, type &30, 1000 cycle low pass filter 
was found to be very efiective in eliminating all 
detectable distortion. Also the stray voltage effects 
seemed to be considerably reauced. Furthermore, com- 
plete shielding of all external wiring essentially 
stopped most of the stray voltage pickup. This filter, 
therefore, was selected as a component of the final 
System and its effects on the system were as follows: 


= lL. It limited tne system working frequency to 
LOOO cycles per second. 


2. it passed relativeiy undisturbed a 1000 cps 
‘voltage output of the transducer or test stand. 


3. All voltages at frequencies below 1000 cps 
were also passed but at reduced amplitudes. For 
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example, a 50% reduction in amplitude at 300 
cycles was realized. 


4. voltages at frequencies above 1000 cycles 

were sharply cut offi. There was a &3% reduc- 

tion in amplitude at 1200 cps. 

A 10,000 ohm Helipot potentiometer was connected 
across the output of the test stand LVDT or the trans- 
ducer LVDT in order to reduce the null voltage. When 
used in conjunction with the General Radio filter, this 
potentiometer with carcvcful adjustment proved to be 
capable of reducing the null voltage to less than one 
millivoit. In the final system this potentiometer was 
mounted in the switch box so that it could be connected 
across the outout of either the transducer or the test 
stand. 

The opportunity to use the small towing tank at the 
Bast Bnd Hydrodynamics Laboratory at DIMB provided the 
chance to test the transducer under actual operating 
conditions using a Pitot tube as a pressure source. It 
was during these familiarization tests that the autlors 
borrowed a Ballantine model 300 VTVM in order to compare 
it to the CkhO in its use as a readout component. Sub- 
sequent tests using the vTVM as the readout component 
for the transducer under actual operating conditions in- 
diceted that the VTVM was at least as sensitive as the 
CRO but not as flexible. This lack of flexibility mani- 
fests itself by the following: 


1. The range to resolution ratio of the VIVM is.» 
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considerably less than that for the CRO, generally 

about 100 when compared with the 260 figure per- 

taining to the Hickok CRO. 

2. Both the range and sensitivity of euch scale 

of a vTVM were fixed while those on the CKO were 

easily varied by the operetor. 

Because of the lack of flexibility of the VTVM and be- 
cuase of the availability as well as the performance of 
the URO, the thkO was selected at the readout component 
of the transducer system. 

The rejection of the vTVM was not meant to be con- 
strued that all vTVM's would not match the ORO in flex- 
ibility; but in general, VTVm's with the sallantine model 
300 as an example, woula not do s0. 

Although the problem of obtaining a power supply cap- 
able of providing at least 6.3 volts to the transducer was 
temporarily solved with the borrowed Hewlett-Packard audio 
oscillator, it was necessary to buy or to construct a re- 
placement for permanent use at Webb Institute. After a 
lengthy study of various manufacturers' catalogs, it was 
decided that a Heathkit power amplifier model vUs-2 rated 
at 14 watts with its input voltage suppnlied by the fore- 
mentioned low powered Eico oscillator wight satisfactorily 
provide the desired input to the system. ‘this decision 


was based on the following circumstances: 


1. The availability at Webb Institute of the Kico 
osciliator 


2. The relatively low cost of the neathkit power 
amplifier, about $30.00, as compared to a $7060 plus 
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figure for the Hewlett-Packard oscillator. 


3. A flat frequency response from 20-20,000 
cps provided flexibility if the system fre- 
quency of 1000 cycle frequency (set by the 

choice of filter) was to be changed. 


he A rated harmonic distortion of less than 
025% at 14 watts output reduced to .1% at less 
than 6 watts. 


5. The power rating of 14 watts would provide 
for additional treinsducers in the system since 
the power required for one transducer of this 
type is 


c* Car 
R 58 = .68 Watts 


This Heathkit power amplifier was assembled from the 


manufacturer's kit using their recommended procedures 


with no modifications., The output voltage of the Fico 


oscillator was connected directly to the input jack of 


the power amplifier. This combination of oscillator 


and amplifier easily provided the required 6.3 volts 


and proved to be extremely stable ooth in output volt- 


age and frequency. 


With the incorporation of sufficient power, pro- 


per filtering and shielding, and tie potentiometer in- 


to the system with the CRO, it became increasingly clear, 


while making familiarization tests at DTMB, that the 


primary limitation on the pressure resolution of the 


system was the operator's ability to read accurately the 


Other possible limiting factors were: 


1. Vibrations in the pressure pickup, such as the 
Pitot tube, 
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2- Vibrations in the transducer mounting, especially 
those from the towing carriage, 


a. Speed control of the towing carriage, and 


4. Pressure fluctuations at the source (Pitot tube, 
model hull or cylinder, etc. 


This primary limitation again brought up the cone 
Sideration of amplifying the transducer output voltage; 
for, as previously discussed, with amplification the nume- 
ber of CRO units change per change of pressure will be in- 
creased by the factor of amplification. This, of course, 
eases any problem of reading the CRO but decreases the 
full scale range. In order to be flexible in the nune- 
ber or UKO units change per change of pressure and thus 
provide a solution to possible problems of reading the 
UxO, the decision was made to construct or purchase an 
amplifier to handle the transducer output. 

With the aid of previous experience with the brush 
and Kirby amplifiers plus the manufacturers’ catalogs, 

a Neathkit preamplifier model AA6O was selected. This 
selection was based on the following considerations: 


lL. A similar Heathkit preamplifier was borrowed and 
tested in the system with satisfactory results. 


2. the preamplifier was immediately available at the 
reasonable price of around $35.00. 


3. As with the amplifier used in the power supply, 
1 the frequency response was flat froin 20-20,000 cps 
thus providing flexibility in frequency selection. 


4. Six input channels with a wide variety of input 


sensitivities and impedances were available in this 
one preamplifier. 
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5. Amplification factors from 0-200 were possible. 
6. Total harmonic distortion was rated at .2%. 
7. The noise and hum were low. 
This amplifier was assembled using the manufacturer's 
recommended procedure with no modifications. Testing 
the completed amplifier in the system under actual oper-~ 
ating conditions of the transducer showed the following: 
l. ‘the output was reasonably stable. 
2. There was no distortion of the 1000 cps waveform. 
3. A slight amount of stray voltage pickup was ap- 
parent on the peaks of the wave form but it did not 
hinder measurements. 
4. A high degree of tlexivility was possible by 
setting up various degrees of amplification on 
each of the input channels. The "crystal phono," 
"microphone," and "magnetic phono" inputs were 
utilized for X2.5, X5 and AlO amplifications respec- 
tively. 
5. The output was linear if care was taken to pre- 
vent overdriving, i.e., excessive voltage inputs 
for the particular amplification. A calibration 
performed for each channel showed a gradual dropping 
off of the curve starting at a pressure of several 
inches of water. Use of lower amplificction extended 
the range of linear outputs. 
In order to provide a flexible aieans of tying together 
these various components with a minimum of external wiring, 
and to provide a chassis for the null reduction potentionm- 


eter, a switch box was constructea and wired. 


= 79 





Section 1V - Development of Operating 
Procedures 

To determine the optimum method of operating the 
transducer system several electronic arrangements or 
modes of the transducer and test stand LVDT were con- 
sidered. There were three modes of operation tested 
by the authors for possible continued use. These were 

1. transducer mode 

2. Differential moae 

3. sridge mode 
Using the first two modes, tests were conducted using 
calibrated static and known Pitot tube dynamic heads. 
Before proceeding further with the discussion of the 
various modes of operation, descriptions of the assem- 
blies used to obtain these pressures plus the method of 
mounting the transducers are necessary to properly 
describe the transducer operations. 

The crandaiicel itself was securely bolted to a 
small plywood table which in turn was secured to a 
mounting board, hereafter referred to as "the board." 
On the board was placed a U-tube water manometer, a 
bellows, a small electrical terminal box, e>reservair, 
connecting: tubing, and associated fittings. If dy- 
namic pressure inputs to the transducer were desired, 
the board was secured to the underside of the carriage, 


and a # inch diameter Pitot tube was clamped to a 
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towing strut mounted forward of the board. For static 
calibrations the board was removed from the carriage 

and placed alongside the tank dock in a vertical position 
with the Pitot tube in a can of water alongside, 

The transducer and tubing had to be filiea with 
water and all the air removed before any pressure mea- 
surements could be taken. This was accomplished by a 
sucking process in wnich the water was drawn up through 
the Pitot tube static and dynamic openings, through the 
tubing into the transducer, and up through the vents. 
Once assured that no air remained in the transducer, 
tubing, or Pitot tube, the tubing attached to the trans- 
ducer vents was securely Clamped. During this sucking 
process it was necessary to tilt the transducer to various 
angles to insure that no significant amounts of air was 
trapped witnin. it is possible that the presence of air 
bubbies in the tubing or transducer may have caused non- 
linearities in the output on a number of occasions. 
Every two or three days additional efforts were made to 
insure complete absence of air insiae the transducer. 

In addition a small amount otf detergent was placed in 
the liquid in the inside of the capsule to aid in air 
removal. 

The transducer mode of operation was accomplished 
by applying the input voltage from the power supply to 


the primary of the transducer LVDT and connecting the 
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output to the vthO via the filter. The preamplifier 
could be placed in the system between the output of 
the transducer ana the filter if desired. The change 
in amplituce of the wave form on the URO was the mea- 
sure of the pressure. | 

In the differential mode (or null balance mode of 
operation mentioned in Section III) of operation the 
input voltage, usually about 12.6 volts, was applied 
across the series connected primaries of both the trangs- 


ducer and test stand trans- 
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figure to the right. 

In this manner the 
output of the test stand 

schematic for connections 

transformer could be used in differential mode 
to balance out or null the output voltage of the trans- 
ducer. for a given pressure input to the transducer, 
there would be a micrometer setting that would cause the 
system voltage to fall to zero. It was possible, there- 
fore, to calibrate micrometer setting against pressure in- 
pu. 


In the bridge mode of operation, the primary coils 


of the transducer and test stand transformers were dis- 


~82~ ° 





connected and the four secondaries were connected as an 


inductance bridge as shown (——> INPUT 
- , o aN 
in the figure to the right. i °%, 
oA Fe S (2 i ~» 
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balanced by the test stand 


micrometer. ‘This unbalance i 
Schematic tor connections in 

would have produced an output bridge mode 

voltage that varied in some manner with pressure input. 

As before, this output voltage was connected to the CRO 

via the filter, ana once tore the use of the preamplifier 

was optional. 

After a considerable number of trials, the transdu- 
cer mode was determined to be the best way to operate our 
particular systen with regard to both pressure resolution 
and ease Of operation. ‘the differential and bridge modes 
were given no further consideration after their initial 
tests for the folloving reasons: 

Differential Mode - 1. Null balancing the transducer out- 
put with the test stand micrometer with dynamic pres- 

Sure inputs to the transducer proved to be very slow 

and nearly impossible to accomplish before the end of 

the run at carriage speeds above four feet per second. 

This difficulty did not present any problems for sta- 

tic calibrations. 


2. The system resolution was limited by one's ability 
to read the micrometer. The smallest increment of the 
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micrometer that can be reau is .0001 inch which 
is equivalent to 

A. 259 mv 
° { OC! im )(\. in pul) 
In Section JII it was determined that a pressure 
change of .02 inches water results in an output 


valtage change of 1.47 mv. This limits the reso- 
vision of this method to 


.O00Im = 2,84 mv output chavae 
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It was possible, however, to interpolate indicator 
readings betveen indicator readings for adjacent 
integral micrometer settings for improved resolu- 
tions. This procedure was time consuming and some- 
what tedious. 


bridge mode - 1. This mode wes characterized by a low 
Signal to noise ratio. The transducer output 
voltages were readily affected by stray voltage 
pickup and cable reactances causing unsteady, 
difficult to read waveforms on the UkO. This 
unsteadiness of the wuveform precluded use of 
the mode with the UhO; use of this mode with 
the VTVM was not -attempted. 


2 The null point was extremely difficult to find. 
(Resolution trials indicated that sufficient sen- 
sitivity could be obtained by use of this mode 
consistent with our resolution requirement of 

~-O2 inches water.) 

With the selection of the transducer mode of oper- 
ation, the authors conducted a series of dynamic tests 
with the Ritot tube using no amplification to determine 
the actual performance of the transducer-filter-ChO come 
bination. In carrying out these dynamic tests the fol- 


lowing procedure was used; 


1. The board and the Pitot tube (secured to the 
acceleration bar) were fastened under the carriage. 


2. The static side of the Fitot tube was connected 


directly to the outsice of the transducer pressure 
capsule. The dynamic side of the Pitot tube was 
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connected via a tee connection to the inside of 
the diaphragm and to the reference pressure assen- 
bly. The tubing to these static components was 
champed off with clamp A. (The arrows on the’ photo- 
raph below points to clamps A, B and C.) 





The "board" mounted on the carriage ready for Pit 
tube tests. Arrows point to clamps A, 8B and U. On the 
upper right corner of the board is the bellows; at 
the far left are the manometer ana the scale. 


3. All electronic coniponents were connected and 
energized at least one hour before use. ‘This 
warm-up requirement also applies to the carriage 
drive and speed control systems. The tank skimming 
valve was also turned off at this time to ensure 

a constant water level. 


4. All air was removed from the system using the 
vents on the transducer in the previously described 
manner. 


5. With the URO "Vert. Atten." knob set on "Xl" 

and with maximum "Vert. Gain the transformer 
position adjustment screw on the transducer (see 
photograph on next page) was adjusted to give a 
peak-to-peak value of about 5 units on the CRO. 

The exact initial amplitude of this sine wave was 
not critical; it simply serves as an initial refer- 
ence. The "Horizontal Selector" knob of the C:0 
was then set on "X10 amp." to enable a vertical 
line to be read on the GRO face. 
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e rear of the "bourd." Lt. Sesler is vointing 
with the pencil to the transformer position adjust- 
ment screw, also known as the "zero-set," at the 
base of the transaucer. Uloser to the camera 
wrapped in masking tape is the reservoir. 


6. The carriage was then run at various speeds 
to enable a series of velocity heads to be 
plotted against a change in amplitude of the 

CRO wave form (in this case a vertical line.) 

Note: This change that is noted is exactly 

half of the change of peak-to-peak amplitude. 

7. As soon as the velocity head was freater 

that necessary to change the amplitude of the 

wave form more than 26 units, a shift of the 

"vert. atten.” knob to the alO scale was 

necessary. 

These dynamic tests indicated that this system 
with a velocity head input to the transducer from the 
Pitot tube produced nonlinear output readings. A 
deviation from a straight line calibration (as deter- 
mined from later stutic calibrations) of as much as 
15 inches water at the lower range of O to 1.5 in- 
ches water to as high as one inch water at velocity 


heads from 1.5 to ten inches weter was noted. ‘This 
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deviation varied in an "5" fashion about the best-fit 
straight line inaicating the possible presence of 
resonant frequencies existing in some portion of the 
system. A discussion of this problem and of its par- 
tial solution follows Later in the section. 

In order to proceed with checking the performance 
of this system and to attempt to pinpoint the cause of the 
nonlinearity noted with dynamic inputs, a static cali- 
bration was conducted. At the same time various come 
binations of input voltage and amplific.tion factors 
were tried. tne procedure used for tl:is static cali- 


bration wes as foltows: 


L. The board wus placed on the side of the dock 
with the pitot tube immersed in a@ can of water 
alongsiue as iliustrated in the piotozranh be- 
low e 





The board placed on the side of the dock ready for 
static calibration of the transducer. 
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2. The static side of the Pitot tube was connected 
directly to the outside of the transcucer pres- 
sure capsule. The dynamic side of the Fitot tube 
was isolated by tightly closing clamp B. The 
reference pressure assembly (bellows, reservoir 
and U-tube mancmeter) was connected via the fore- 
mentioned tee connection and clamp A opened. 


3. ‘the reference pressure apparatus was then filled 
with water until the water level approached but had 
not yet reached the top of the reservoir (located 
on the same siae of the board as the transducer.) 
This filling was accomplished by opening clamps A, 
B and U and by sucking up water through the Pitot 
tube being careful not to draw water up from the 
manometer toward the bellows. (The reservoir pro- 
vides a large free surface thus preventing possible 
errors of static pressure due to expansions or con~ 
tractions of the transducer pressure capsule. 


4. With the reservoir fluid at the desired level, 
clamp 5s closed, and clamps A and C open, the trans- 
ducer output was nulled by means of the transformer 
position adjustment screw and the output then in- 
creased to a peak-to-peak height of five units. 


5. Clamp C was then closed and the bellows com- 
pressed (for positive pressures) or expanded (for 
negative pressures) thus producing a change of 
water heights in the manometer. The change of 
water height on one side of the manometer was 
obtained by using a scale graduated in hundredths. 
An accuracy of .Ol inches water height could be 
read. However, since the total height change in 
the U-tube was twice the change of height reading, 
a factor of two must be applied to the reading 

to obtain the pressure input change to the trans- 
ducer. F 

6. The output voltage changes on the CRO were read 
in the same manner as used in the Pitot tube tests. 
Whenever it is noted (in any experiment) that the 
CRO amplitude shows a marked dip followed by a 
rise, the transducer transformer position adjust~ 
ment screw should be readjusted to pass the trans- 
forner through the core null position until the 

5 units peak-topeak reading is again obtained. 


Sample static calibration curves are presented in 


Figure IV-l. The calibration curve for the 41 scale 
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of the URO indicated a system sensitivity of .33 units 
per .02 inches water with no ainplification. With an 
ability to read to an accuracy of .1 unit on the CKO 


a resolution of 
, leant 
5 Jia we 
was possible. 


x. 02 incnes Watev = Océ inches water 


These calibration curves also include information 
from the dynamic tests showing deviations from the best- 
fit straight line of the static calibrations. The fact 
that these sample curves from static calibrations were 
linear showed that the probable cause of non-linearities 
in the results of the Pitot tube tests were on account 
of the input pressure. This problem was further 
narrowed to probable vibrations in various planes of 
the Pitot tube. This lateral vibration effect was deter. 
mined by clamping off the input from the Pitot tube dy- 
namic side; the resulting pressure inputs from the sta- 
tic opening of the Pitot tube for a series of runs indi- 
cated amplitudes of from .2 to 2.0 units over a carriage 
speed range of 0 - 5 feet per second (the amplitude for 
a single speed was fairly constant). This output showed 
resonant peaks at about 1.7 feet per second, 2.9 feet per 
second and 3.9 feet per second with amplitudes of 2.1, 
l.1, and .4& respectively. Decreasing the depth of the 
Pitot tuoe from 6.8 inches to 4.2 inches resulted in the 


lower peak shifting to a new resonance of approximately 
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the same amplitude at 2.2 feet per second. From this 
increase it was concluded that the lateral vibration 
producing an equivalent velocity head at the static 
Openings was a probable explanation for the loss of 
linearity. 

The static openings of the Pitot tube were then 
isolated by clamping the tube to the static side of 
the Pitot tube -and by connecting the dynamic opening 
of the Pitot tube directly to the outside of the pres- 
sure capsule of the trinsducer. The inside of the pres- 
sure capsule was connected to the pressure reference 
assembly with clamp B closed and clamps A and C open. 
In this manner the inside of the pressure capsule was 
always open to &@ pressure that varies only with atmos- 
pheric pressure through the reservoir and open clamp 
Ve 

Using the above connections with the static openings 
of the Pitot tube isolated, the dynamic tests were re-~- 
rune As a further precaution the Pitot tube was raised 
even more to a new depth of 1.7 inches below the surface 
with the following results: 


lL. Veviations of readings in the 0 to l inches 
water range were effectively eliminated. 


2£-« At higher pressures the maximum deviations 
were about .5 inches as compared to the original 
value of about one inch. 

It was suspected that the remaining deviation was also 


due to vibrations or other deflections of the Pitot tube 
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under dynamic loading. This vroblen, however, was 
not pursued further due to time considerations. 
Representative curves of pressure versus output 
voltage units using various input voltages and are 
plification factors are included as sample calibra~ 
tions. (See Figures IV-zZ2 and IV-3.) 
Conclusions - A pressure transducer, Schacvitz type 
Pi.76~Al10, was determined to be the most suitable in- 
strument for use with a four foot Webb Institute Towing 
Tank model. The system that was constructed was found 
to be capable of resolving better than the cesired .02 
inches water, and it appears, therefore, that the sys- 
tein should prove very useful for making pressure and 
voundary layer surveys. 
Recommendations ~ 1. A Pitot tube of a rigid design is 
recommended for velocity surveys in conjunction with 
this transducer system to preclude significant vibra- 
tions and deflections under dynamic loading. 
2. For pressure surveys around ship model hulls, the 
following connections on the transducer and on the 
board are suggested; 
a. The tubing trom the dynamic head of the Pitot 


tube should be connected tt dt to the outside 
of the transducer pressure capsule. 

b. It may be desirable to have the board ready 
for periodic static calibrations. The tubing 

to the reverse face of the diaphnragia should be 
open only to a volume of water that partially 
fills the reservoir. By opening clamp "C" (the 
water should be retained in the manometer) the 
surface of the water in the reservoir is ex- 
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posed to the same atmospheric pressure changes 
as is the surface of the towing tank. 


Connections made in this manner would enable one to 
conduct a static calibration check at any time by 
closing clamp "C" and by adjusting the bellows. 

3. A method of effectively increasing the useful pres- 
sure range has been successfully devised. The transe 
former position adjustment screw should be adjusted 

so that the amplitude of the waveform is increased to 

& peak-to-peak height of up to 26 units (13 units above 
the horizontal sweep). ‘his adjustment should be made 
in such a manner as to purposely effect a passing through 
of the ult point by the transformer core, i.e., when 
the pressure (or suction) to be measured is applied, 
the CRO waveform would decrease to null and then rise 
again. The heights of the waveforms above the horizon- 
tal sweeps, before and after apvlication of the pres- 
sure, are measured, added and diminished by one unit. 
(It now appears that the null voltage is about 4 unit.) 
In view of the fact that linearity exists in the output 
on both sides of null, the calibration curve in use 
could be extended to the reading on the ordinate just 


obtained and the pressure determined thereby. 
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The nstrumentation appearing on the table- 
(left to right, front) the cathode-ray oscil oscope 
filter, test stand, and voltmeter for determining — 
igo supply output voltage. behind the volt 
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The a paratus. on the bottom shelf are (left to% 
nee the preamplifier, the audio oscillator, 
and ‘the power supAty, ~ eh ead 
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Lt. Christmas nulls the test stand transformer by 

adjusting the micrometer with his left hand and the 

null voltage reducing potentiometer with his right 

hand. (The CRO presentation does not appear on ac- 
ount of reflection from the flash bulb. 





A Pitot tube test is being conducted at five feet per 
second. 
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Footnotes 


Hogben, N., "Ship Hull Pressure Measurements," Trans. 
Institution of Naval Architects, 99, p 446 (1957] 


the lengths of runs used for nogben's experiments 

were about 60 to 70 feet and two "booster" runs were 
generally required prior to the final run after which 
column heights were measured. Previous runs at nearly 
i model speeds served as booster runs. ibid, 

Pp ° 


Perry, J. H.,ed., Chemical Engineers' Handbook, Third 
Ed., McGraw-Hill book Company, 1950, p 305. 


‘the "apparent error" is regarded as the greatest diver- 
gence of readings that can be reasonably expected of 
plotted points from the best-fit curve obtained from 
these points during a calibration. 


Hogben, op cit, p 451 


Eggert, BE. F., "Form Resistance Experiments," Trans. 
Soc. Naval Architects and marine Engineers, 43, p I40 
(1935). , 


Eggert, E.F., "Further Form Resistance Experiments," 
Trans. Soc. Naval Architects and marine Engineers, 47, 


pp 308-315 ( ; 


The usual number associated with vortex shedding fre- 
quencies from a cylinder is the Strouhal inumber, nd/V 
where n is shedding frequency, sec 

dis cylinder diameter, feet, and 

V is fluid velocity, fect per second. 
Based on previous work and studies accomplished by one 
of the authors on vortex shedding around cylinders, h 
learned that below a Reynold's Number of about 2 X 10 
(the characteristic dimension tor Reynold's Number being 
the cylinder diameter) the Strouhal number remains a 
fairly constant .19<. Assuming this figure to be 
correct, the expected shedding frequency for a two inch 
diameter cylinder traveling seven feet per second through 
water in @ direction normal to its axis would be 


oeV 
On 


“ud : 192(7) = =n 
-_——— ie Yi= ene I 8 O6 = 8 sec 
oe y E67 
The question of obtaining two transducers capable of 
handling water on one side of the diaphragm may be con- 
sidered as an alternative to the procurement of one 
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14. 


Lb. 


16. 


17. 


18. 


19. 


transducer capuble of handling net liquid pressures. 
This matter could be resolved, of course, by comparing 
the total costs of systems using transducers handling 
but one liquid and by considering the practicality of 
constructing instrumentation capable of indicating net 
liguid pressure. 


The classification "Resistance Transducer" is generally 
restricted to those that use potentiometers ‘for linear 
and angular displacement measurements within the trans- 
ducer. There are other types of transducers that may 
exhibit a resistive output, e.g., strain-gage transdu-~ 
cers and pressure-sensitive intermetallic resin trans- 
ducers. 


The carbon strip transaucer is one of the Vomputer 
instruments Corporation Series 6000 pressure transdu- 
cers. Data supplied by manufacturer. 


This instrument was designed for use in gun blast pres- 
sure versus time measurements; its resolution was approxe 
imately 2 psi. Sussholz, B., The Tayo Model Basin 

avid 


Diaphragm Blast Gage, Report 508, Taylor model 
oo Washington , D. C., p 3, December 1943. 
Information concerning Dynisco transducer: Dynamic 


Instrument Company, Incorporated, Bulletin 1l14A, October 
1958. 


Thie statement assumes an amplificetion of four times 
or greater, a requirement easily achieved by an ampli- 
fier. 


Lion, K. S., instrumentation in Scientific Research - 
Electrical Input Transducers, McGraw-Hill Book Company, 
ince, 1959, pp 74, ° 


Equations frou Pearls, Thomas A., A New Vondenser-Type 
Pressure Uage, Revort 025, David Taylor model Basin, 


waghington /, D. ¢., pp 37-8, 40. 


Roark, R. J., Formulas for Stress and Strain, mcGraw- 
Hill nook Company, Inc., 1954, pp I94- 


Pearls, op cit. No-load capacitance computed from 
Eommeuen Td therein. 


Private comnunication with T. Kite Sharpless of Tech- 


nitrol Engineering dated September 30, 1960. Data 
concerns 115H3 stretch diaphragm head. 
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Pearls, op cit, pp 2l-<, figs. 7 and 9. Author in- 
dicated use of special circuitry which gave this lin- 
earity for a short range. 


ibid, pp 17-9 


Capacitive reactance (X,, ohms) varies inversely with 
the product of capacitance (C, farads) and frequency 
(f, sece1) in the following manner: 


ae 
Xe od ZG EOS 


Transducer capacitances are quite small, usually be- 
tween 104A? and several hundredyyf. Lion, op cit, 
p 70. | 


An increase of frequency decreases capacitive reac~ 
tances in all parts of the bridge, and raises the 

bridge unbalance current (hence the system sensitivity). 
For a aiscussion concerning the adverse effects of in- 
creasing frequency, especially with respect to capaci- 
tive leakage see Pender, H. and MceIlwain, K., Electri- 
cal Engineers’ Handbook - Electric Vommunicstion and 
Electronics, Third Ed., John Wiley and Sons, 1936, 

p 4-35, et passin. : 


Sensitivity increases with operating voltage. The 
maximum voltage that could be.used is the breakdown 
voltage between the plates of the capacitor at maxi- 
mum diaphragm deflection. sreakdown voltage of air 
is 76.2 volts per mil separation. kLion, op cit, 

p 67 and footnote 1. Radiations increase with volt- 
age thus placing another consideration on the choice 
of operating voltage. 


Data on Ultradyne system: Private communication with 
E. Le. Amonette of Ultradyne dated July 29, 1960. 


Lion, op cit, page 83 

Schaevitz Engineering, Bulletin AA~lA, 1955, p 17 
Private communications from f. Kowalski of the 
Davidson Laboratory to Professor 0G. R. Nevitt dated 
19 may 1960 and to the authors, October 1960. 


Lipshutz, J., and Aronow, m., "*Demodulators for Differ- 
ential Transformers," Electronics magazine, June 3, 
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30. 


Jt. 


Dea 


33. 


34. 


Private communication with LTJG Gary Bard of 
the David Taylor model syasin, January 1961. 


Data concerning the O00 SSL LVDT;: Schaevitz 
Engineering, Bulletin AA-2, undated, p 2. 


Bristol Instrument Vompany, Bulletin AV2001, 
undated, p 4. 


this discussion is intended to demonstrute the 
criterion for maximum voltage transfer, i.e., 
a load impedance shouid be considerably nigher 
than the output inpedance of the source. For 
Inaximum transmission of power, source output 
and load input impedances should be equal or 
nearly so. 


Robeson, F., Physics, The macmillan Uompany, 
New York, 1942, pp 199-200. 
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